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 Cranial shape diversity within hominoids has been previously studied with the aim of 
understanding how levels of diversity in extant species compare with extinct hominin specimens. 
This dissertation addresses the question of why cranial shape diversity differs among extant 
hominoids. Levels of intraspecific cranial shape diversity are highly varied among hominoids. 
For example, Sumatran orangutan cranial shape diversity is more than twice that of all living 
humans. 
 Here, the population history of each species, or sub-species, is considered as a force 
potentially structuring phenotypic variation. It is already well established that population history 
has shaped patterns of modern human cranial diversity across the world. Yet, to date, no one has 
considered that the independent population histories of other apes may have also influenced their 
cranial diversity through evolutionary time.  
 Genetic data from non-coding loci reveal the population history of each taxon. Nucleotide 
diversity levels reflect non-selective evolutionary processes—such as mutation, drift, migration 
or fluctuations in population size. For each taxonomic group in this study, genetic diversity and 
the effective population size (Ne) are compared with cranial shape diversity to determine the 
strength of the relationship between these two data-types. 3D cranial landmark data are divided 
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into two separate analytic units, which represent independent developmental modules. Shape 
variance of the cranial vault, and the face, are evaluated together, and then separately.  
 The following taxa are included in this work: Homo sapiens, Pan paniscus, Pan 
troglodytes troglodytes, Pan troglodytes verus, Pan troglodytes scweinfurthii, Gorilla gorilla 
gorilla, Pongo pygmaeus, Pongo abelii, Symphalangus syndactylus, Hylobates moloch, 
Hylobates pileatus and Hylobates klossii. 
 Results show a strong positive correlation between intraspecific cranial shape diversity and 
nucleotide diversity across all taxa. Species that are more genetically diverse, and have larger 
effective population sizes, show more cranial shape diversity. The relationship between cranial 
vault shape diversity and genetic diversity is stronger than in the face. Variation in the face is 
likely driven by sexual dimorphism in certain species, which may overwrite any signal of 
population history. 
 This work provides new evidence of the strength of non-selective pressures—such as 
random mutation and genetic drift—on skeletal elements such as the cranium. Traditionally, 
biological anthropologists have looked to adaptation by natural selection as the primary 
explanation for patterns of skeletal diversity. The advent of large population genetic data-sets—
which document random evolutionary changes in the genome—have enabled genetic variability 
to function as the null hypothesis for explaining phenotypic diversity. If phenotypic diversity 
mirrors neutral genetic diversity, non-selective evolutionary forces may sufficiently explain 
patterns of phenotypic diversity without invoking a selective explanation. This project increases 
our understanding of extant hominoid cranial evolution and therefore elucidates the complex 
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CHAPTER 1: INTRODUCTION 
 
This project is part of a growing effort to understand how population history has shaped 
human and primate phenotypic variation (Relethford 1994; Marroig and Cheverud 2004; 
Ackermann and Cheverud 2004; Manica et al. 2007; Roseman and Weaver 2007; von Cramon-
Taubadel 2012). The question of whether extant hominoid morphological diversity mirrors 
neutral genetic diversity was raised at the outset of molecular evolutionary advances in the 
primates (Ruvolo 1997). Despite this cogent analysis, subsequent studies of primate skeletal 
diversity were largely separate from analyses of genetic diversity. This artificial dichotomy of 
using either genes or morphology to understand primate evolution differs from how most non-
primate taxa are routinely studied from an evolutionary perspective (Hofreiter et al. 2002; Rasner 
et al. 2004; Lougheed et al. 2006; Cardini et al. 2007; Dhuyvetter et al. 2007; Fulgione et al. 
2008; Hi 2013; Sistrom 2013). Here, genetics and skeletal morphology are examined together to 
determine if intraspecific cranial shape diversity in a sample of hominoid species reflects the 
neutral population history across species. These results will clarify to what degree patterns of 
intraspecific cranial variation in apes have been shaped by microevolution. Potentially, this work 
can reveal why certain primate species are more cranially variable than others. This project was 
designed to provide a new perspective on cranial evolution in extant hominoids and proposes to 
shed light on other questions of anthropological relevance, such as species delimitation in the 
hominin fossil record (Tattersall 1986, 1992; Delson 1990; Plavcan 1993; Shea et al. 1993; 
Kimbel and White 1998; Plavcan and Cope 2001; Guy et al. 2003; Harvati 2003; Baab 2008).  
 There are four forces of evolutionary change: mutation, migration, genetic drift and 
natural selection. All biological systems—including genes, skeletons and behavior—are 
theoretically influenced by each of these forces to varying degrees. An inherent challenge in 
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evolutionary biology is disentangling the action of these forces to determine how evolution has 
shaped traits (Fisher 1930; Wright 1931; Mayr 1983; Provine 1985). It is well accepted that some 
portion of genetic variation is neutral with respect to fitness, and instead reflects the random 
processes of drift, mutation and migration (Kimura 1968). Yet, there is considerable 
disagreement among biologists as to whether phenotypic variation can also be neutral, and if that 
neutrality can be quantified (Nei 1986; Lynch and Hill 1986; Bromham et al. 2002, 2003; Davies 
and Savolainen 2006; Millstein 2007). The dominant force shaping phenotype is often taken to 
be natural selection.  
To study the impacts of selection, function and development on skeletal morphology, 
investigators often look for environmental and ecological correlates—such as climate, feeding 
mechanics or locomotor repertoire—to explain patterns of variation (Young 2006; Hubbe et al.  
2009; Makedonska et al. 2012; Williams 2012). Skeletal variation between species, or 
populations, is then interpreted as evidence of the differential impact of these selective pressures. 
However, these approaches generally overlook the possibility that skeletal variation may instead 
reflect demographic microevolutionary processes unique to each species. According to 
evolutionary theory, natural selection is not the only force structuring diversity, either within or 
between species (Fisher 1930; Gould and Lewontin 1979; Harris 2010). So, we expect some 
portion of morphological variation to be shaped by the stochastic forces of drift and mutation, in 
a manner analogous to genetic data (Lande 1976; Lynch and Hill 1986; Lynch 1990; Nei 2007). 
This neutral theory of phenotypic evolution is not widely accepted among primate 
morphologists. Yet, through the use of well-sampled population genetic datasets as a baseline, 
there is growing evidence that cranial diversity in humans reflects neutral processes (Relethford 
1994; Roseman 2004; Roseman and Weaver 2004, 2007; Manica et al. 2007; Relethford 2009; 
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Manica et al. 2010; Ricaut et al. 2010). The evolutionary history of a species, and the 
population-level fluctuations that occur through time—population splits, bottlenecks, and 
migration—can be estimated using genetic data. Genetic data from neutrally evolving loci 
provide a window into stochastic evolutionary forces such as mutation, genetic drift or 
fluctuations in population size. Skeletal traits, however, do not necessarily reflect population 
history with the same resolution as neutral genetic markers. Instead, a suite of functional, 
developmental and selective pressures can constrain and modify skeletal structures. These 
morphological changes can act to overwrite the signal of population history, or phylogeny, from 
skeletal elements. However, through comparing neutral genetic data with skeletal data we can 
begin to decipher whether phenotypic variation follows neutral patterns.  
Here, I test the strength of the relationship between genetic variation and phenotypic 
variation across 12 hominoid taxa to address the central question: do taxa with more genetic 
diversity also show greater intraspecific cranial shape diversity? To frame this as a 
hypothesis, I posit that the effective population size (Ne)—which reflects the amount of drift a 
population has experienced—will correlate with the magnitude of intra-taxic cranial shape 
diversity. Rejection of the null hypothesis, and no positive correlation between data-types, would 
demonstrate that the observed pattern of variation cannot be readily explained by neutral 
processes. Instead, patterns of intraspecific cranial diversity may be influenced by selective or 
developmental pressures. A positive correlation between data-types, and failure to reject the null 
hypothesis, would suggest that stochastic factors are a sufficient explanation for the observed 
patterns of cranial variation within each taxon.  
It is well known that hominoids show different amounts of cranial diversity within 
species, both in the neurocranium and the face (Uchida 1992, 1996; Ackermann 2001; McNulty 
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et al. 2006; Vioarsdottir and Cobb 2004; Jabbour 2008). It is also known that, because of their 
independent population histories, each taxon possesses a different amount of genetic diversity in 
both the mitochondrial and nuclear genomes (Ruvolo et al. 1994; Noda et al. 2001; Fischer et al. 
2006; Prado-Martinez et al. 2013). In this project, I test if these differences are congruent. This is 
one of the first attempts to contextualize broad patterns of hominoid intraspecific cranial shape 
diversity within a population genetic framework.   
 
MECHANISMS OF SKELETAL VARIATION 
Skeletal diversity within a species can be shaped by both genetic and non-genetic 
mechanisms. Genetic mechanisms include selection, drift and mutation. Non-genetic skeletal 
change can be caused by plasticity in response to environmental or mechanical stress during an 
individual’s lifetime. Development, which links genotype to the expression of phenotype, 
operates though several of these mechanisms: genetic, epigenetic and environmental. Together, 
these processes can affect variation at all temporal levels, leaving the skeleton an evolutionary 
palimpsest for biologists to decipher.  
 
Detecting Natural Selection in Phenotypic Traits 
When interpreting skeletal traits, physical anthropologists have traditionally favored 
selective hypotheses over any others (Washburn 1963; Steegman 1970; Beals 1972; Carey and 
Steegman 1981; Beals et al. 1983; Hubbe et al. 2009). The idea that a physical trait evolved for a 
particular function, or in response to a distinct environmental pressure, is conceptually neat and 
alluring. The theory of adaptation by natural selection was formulated prior to a deep 
understanding of population genetics (Darwin and Wallace 1858). The Modern Synthesis then 
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provided a means of extending theory from genetic models to study phenotypic variation 
(Simpson 1944). Yet, it was not until after The Synthesis that a quantitative framework for 
measuring selection on phenotype was put into practice across a wide range of taxa (Lande 1976; 
Lynch and Hill 1986; Endler 1986; Lynch 1989; Cheverud 1988).  
In this new framework, neutral evolution, a concept forwarded by population genetics, 
provides a set of testable predictions to which phenotypic diversity can be compared (Kimura 
1968). Neutral evolution functions as the null hypothesis and only if falsified are selective 
explanations considered. This is the reverse approach to “adaptationism”, or the tendency of 
evolutionary biologists to attribute all phenotypic features to natural selection over other 
evolutionary pressures (Gould and Lewontin 1979). 
 The field of quantitative genetics has contributed a set of models to measure variation in 
quantitative traits and test for evidence of selection versus drift. This approach incorporates 
neutral theory together with genetic parameters such as heritability and additive genetic variance. 
For a trait to be able to be under selection, it needs to be heritable. All traits are not equally 
heritable; some are more strongly influenced by environmental variance. This directly affects 
their response to selection. Traits with higher heritability will respond more readily to selection 
over successive generations. Broad sense heritability of a trait can be estimated by measuring the 
proportion of total phenotypic variance that can be explained by genotypic variance, using the 
equation, h2 = VG/VP.  This estimate is more accessible in model organisms, or captive animals, 
where selective breeding over successive generations can reveal patterns of inheritance. 
Continuous phenotypic traits typically have a complex genetic architecture, with many genes 
contributing independently to the final form. Additionally, two alleles at one locus may have 
independent effects, and no pattern of dominance. This is additive genetic variance. In this case, 
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narrow sense heritability estimates the proportion of genetic variation that is due to additive 
genetic variance, via this equation h2 = VA/VP. Additive genetic effects are the degree to which 
each allele that independently contributes to a phenotype can alter the mean phenotype.  
A confounding aspect of estimating selection on phenotype is that traits are often 
correlated and not independent units that respond to selection in isolation (Olson and Miller 
1956; West-Eberhard 2003). This integration can occur at different levels of trait expression: 
from genetic to developmental. For example, one gene can control several traits. Therefore, if 
one gene is selected for, other traits, which are not themselves the targets of selection, can be 
swept along (Hlusko 2004). Developmental molecular biology offers a means of tracking how 
pleiotropy can govern several basic aspects of body plan or serially homologous structures 
simultaneously. Understanding this phenomenon is key in formulating trait-specific adaptive 
hypotheses for skeletal evolution.  
It is a challenge to empirically demonstrate, rather than informally imply, the signature of 
adaptation by natural selection in both living and extinct species. The presence of a trait and an 
understanding of its proximate function, does not alone demonstrate that it is an adaptation that 
has evolved by natural selection. Quantitative models that measure trait variance offer a more 
statistically robust approach to this problem, although the field is far from a consensus regarding 
these issues. The application of these models to questions in physical anthropology has shifted 
some previously held adaptive hypotheses in human evolution (Harvati and Weaver 2006; 
Weaver et al. 2007, 2008; Roseman and Weaver 2007). Molecular geneticists have long debated 
the strength and frequency of selection versus neutrality at the genetic level in what has been 
called the “neutralist-selectionist” debate (Simpson 1964; Maynard and Smith 1968; King and 
Jukes 1969). The neutral theory of molecular evolution states that the majority of evolutionary 
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changes at the molecular level are not caused by selection, but by the stochastic fixation of 
selectively neutral alleles (Kimura 1968, 1991). Importantly, this approach allows geneticists to 
detect deviations from neutrality, and determine whether functional loci are under selection. In 
the case of phenotype, neutrality also offers a set of predictions in which to form hypotheses 
about phenotypic evolution. For example, broad congruence between neutral genetic patterns and 
phenotypic patterns suggest that the phenotypic aspect may also be a result of random drift and 
mutation. This practice of quantifying evolutionary neutrality, and by extension the neutralist-
selectionist debate, now extend beyond molecular population genetics to the study of phenotypic 
evolution.   
 
The Effects of Genetic Drift on Genotype and Phenotype 
How can non-selective evolutionary forces, like drift, affect skeletal variation? Genetic 
drift is the change in allele frequency in a population from generation to generation that is due to 
stochastic sampling. Drift reduces nucleotide diversity. The smaller the population size, the 
stronger the effect of genetic drift. For example, humans, bonobos and West African 
chimpanzees have had past population size reductions that have subsequently reduced 
heterozygosity likely though the action of genetic drift (Prado-Martinez et al. 2013).   
Neutral non-functional genetic markers are typically selected to detect population history, 
but processes like random genetic drift and inbreeding are actually genome-wide phenomena 
(Przeworski et al.  2000). This is different than selection, which we only expect to effect specific 
genes linked to adaptive function. These patterns are becoming more well-understood as whole 
genomes are sequenced and analyzed at the species level. For example, runs of homozygosity are 
present throughout the genomes of bonobos and certain human populations. This pattern 
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indicates a genome-wide loss of diversity through inbreeding (Prado-Martinez et al. 2013). 
Therefore, in addition to non-coding loci, protein-coding genes, or regulatory regions, that 
underlie phenotypic traits are also subject to these stochastic forces. Alleles can become fixed 
due to genetic drift. If their effect is neutral with respect to fitness, then we expect a certain 
amount of genetically controlled phenotypic variation to be random and not the result of 
adaptation by natural selection.  
 Reductions in population size reduce genetic diversity through sampling bias (Nei 1975). 
Yet, there is not a clear relationship between reductions in population size and a concomitant 
reduction in phenotypic diversity. Reed and Frankham (2001) tested the strength of the 
relationship between molecular and quantitative traits by performing a meta-analysis across 
many taxa. They find a weak relationship between phenotypic and genetic variance. It is 
important to note that the traits chosen for this analysis were those linked to life history and 
ecological adaptation. They did not set out to discover if a trait was neutral, but rather to 
determine the strength of genetic diversity estimates as an effective tool for managing 
populations from an ecological standpoint. The nature of meta analysis did not allow for 
selection for homologous traits across all species, so the data were not partitioned on a trait-by-
trait basis, but rather as a single estimate of morphological variance. Smaller-scale analyses in 
other taxa, such as lizards, gophers and flowers have demonstrated a positive correlation between 
molecular and morphological variance (Soulé and Yang 1973; Briscoe et al. 1992; Soulé and 
Zegers 1996; Waldman and Andersson 1998). Whitlock and Fowler (1999) performed 
experiments in Drosophila that demonstrate that reducing population size in successive 
generations reduces phenotypic diversity. Similarly, Manica and colleagues (2007) present data 
to support the hypothesis that bottlenecks throughout human population history have 
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successively reduced cranial diversity, mirroring the loss of genetic diversity. Although the 
statistical strength of the results from Manica et al. (2007) have been debated. Distance from 
Africa explains 87% of the variance in heterozygosity at genetic markers, but values for 
morphological data are in the range of 6-9% (Roseman and Weaver 2007).  
 
Genetic Mutations that Control Skeletal Morphology 
How do we know mutation can affect skeletal change? Developmental genetics work has 
demonstrated that cranial shape changes can be caused by mutations in the promoter regions of 
certain genes (Willmore et al. 2006). This alters gene regulation and effects skeletal shape. 
Cranial development is polygenic, with many genes epistatically interacting to achieve the adult 
form. Work in domestic dogs has shown that small genetic changes can produce large effects on 
cranial form (Schoenbeck et al. 2012). Therefore, it is plausible that the accumulation of constant 
mutations over evolutionary time in hominoid lineages could affect the level of intraspecific 
phenotypic variation we see today. Also, mutation can influence the ability to vary, or variability. 
Experiments in Drosophila and mice show that mutant phenotypes vary more between 
individuals than wild-type (Waddington 1942; Rendel 1967; Willmore 2006).  
Mutation is the primary source of new genetic variants. The concept of ‘the molecular 
clock’ posits that mutations are fixed at a constant rate over evolutionary time (Zuckerkandl and 
Pauling 1962). The neutral theory of molecular evolution bolstered this concept by predicting 
differential accumulation of mutations in functional versus non-functional genes (Kimura 1968). 
Physiological factors like body-size and metabolic rate may impact mutation rate, although we 
expect it to be relatively constant in closely related species (Steiper and Seiffert 2012). For 
example, all hominoids share a similar slow mutation rate, relative to other primates (Goodman 
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1985; Steiper et al. 2004).  
 
Environmentally Driven Skeletal Change 
Non-genetic environmentally driven alterations to skeletal form can accrue during the 
lifetime of an individual. Although these changes are not heritable, they can obscure what is 
heritable. These changes can inflate variation within species across heterogeneous environments 
(Roseman 2004). Osseous remodeling of bone can occur in response to mechanical stress such as 
locomotion or mastication (Pearson and Lieberman 2004; Schaffler and Burr 2005). This is 
referred to as Wolff’s law (Wolff 1986; Martin et al. 1998). Also, aspects of climate such as 
temperature, humidity and altitude can affect skeletal form.  
  
ANALYZING MORPHOLOGY with GENETICS 
 In an effort to address the multiplicity of pressures that shape phenotypic evolution 
outlined above, evolutionary biologists have begun to compare genetic variation at neutral loci to 
phenotypic diversity in a number of traits. Specifically, studies have investigated how genetic 
drift has influenced primate cranial variation, both within and between species. One of the most 
rigorously tested findings to emerge from this work is that modern human cranial variation is 
governed mainly by drift and not selection. This has dramatic implications for adaptive 
hypotheses and for how extant models of cranial variation relate to extinct diversity. For 
example, if the cranium overwhelmingly reflects evolutionary history, and not environmentally 
driven selection, then the utility of extinct cranial morphology as a proxy for genetic relatedness 
between taxa is supported. Further, detecting selective patterns in the cranium should be 
tempered by considering population history first.  
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Modern Human Population Genetics and Morphology 
 Prior to a comprehensive understanding of human genetic variation, human cranial shape 
variation was largely attributed to climatic adaptation affected by rainfall, humidity and latitude 
(Boas 1912; Koertvelyessy 1972; Hylander 1972; Guglielmino-Matessi 1979; Carey and 
Steegmann 1981; Beals 1983; Franciscus and Long 1991). This concept was based on the 
principles of Bergman’s and Allen’s rules that brachycephaly (higher width to length ratio) 
would be advantageous in cold climates. Today, results from quantitative analyses that merge 
cranial data with population genetic data largely contradict these findings. Instead, a non-
selective hypothesis for the apportionment of worldwide human cranial variation is supported. 
Several independent studies support the hypothesis that human cranial variation mirrors patterns 
of genetic diversity across the world selection (Relethford 1994; Roseman and Weaver 2004; 
Manica et al. 2007; Smith et al. 2007; Roseman and Weaver 2007; von Cramon-Taubadel and 
Lycett 2008; Betti et al. 2009; Relethford 2009; Smith 2009; von Cramon-Taubadel 2009; Betti 
et al. 2010; Manica et al. 2010; Ricaut et al. 2010; Smith 2011). Two main types of analyses are 
used to compare genotypic and phenotypic data in human populations: isolation by distance and 











Figure 1.1 Geographic Distribution of Human Cranial (a) and Genetic Variation (b) 
 
(Manica et al. 2007)  
 
 Human genetic diversity best fits a serial founder effect model (Deshpande et al. 2009). 
This explains the gradient of diversity across the world through successive sub-sampling from a 
larger population as humans migrated to new lands. As a result of this, with increasing distance 
from Africa, both genetic and cranial diversity decline (Ramachandran et al. 2005; Manica et al. 
2007). This pattern is attributed to modern human populations emerging in Africa approximately 
200,000 years ago and expanding rapidly to other parts of the world. This apportionment of 
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genetic variation was first observed using mtDNA (Caan 1987). Subsequent studies have refined 
their genetic sampling approach and solidified the existence of this pattern to support the Out of 
Africa migration of modern humans (Cavalli-Sforza 1994; Harpending et al. 2000; Rosenberg et 
al. 2002; Ramachandran et al. 2005; Manica et al. 2005; Prugnolle et al. 2005; McEvoy 2011; 
Henn 2012). Unlike founder effect models, FST / QST comparisons do not necessarily have a 
spatial component, but are measures of population differentiation. FST measures differentiation 
between populations. QST is the analogous measure for quantitative traits. Then, if FST calculated 
from neutral genetic data is proportional to QST, random genetic drift without selection is 
sufficient to explain the variation for quantitative traits (Spitze 1993). In humans, the congruence 
between FST and cranial QST has been compared with other complex traits that are known to be 
under selection. For example, selection has acted on skin color to strongly differentiate between 
populations (Relethford 2002). Here FST > QST. This pattern significantly departs from neutral 
expectations and from those results using cranial data (Roseman 2004).  
 Different methods have demonstrated that the distribution of human cranial diversity can 
be explained by drift, although, specific cranial regions show different degrees of strength in 
matching genetic patterns. For example, the temporal bone and basicranium follow geographic 
patterns similar to neutral genetic loci but facial and nasal shape less so (Smith et al. 2007; Smith 
2009; von Cramon-Taubadel 2009). The density and geographic distribution of human cranial 
datasets also allows researchers to test for climate as a variable influencing cranial form. 
According to this work, climate does not have a significant influence on the apportionment of 
human cranial shape diversity across the world. One exception may be in extremely cold adapted 
regions, evident in facial morphology of the Siberian population (Roseman 2004).  
14 
 Similar tests have also been applied to study postcranial diversity in humans. The pelvis, 
like the cranium, shows declining diversity with increasing distance from Africa (Betti et al. 
2012; Betti et al. 2013). However, long bones do not show the same pattern (Betti et al. 2012). 
Instead, climatic adaptation to temperature is evident in the tibia and femur. In this case, the 
signature of population history is obfuscated by climatic adaptation. This synthetic approach to 
measuring human phenotypic diversity is possible in recent years because of the accumulation of 







Human Quantitative Genetics and Skeletal Morphology  
 
Author Skeletal Region Method Genetic Loci Tests Results 
      
Relethford 1994 cranium  linear measurements microsatellites Fst gene/cranium congruence 
Relethford 2004 cranium  linear measurements microsatellites IBD gene/cranium congruence 
Roseman 2004 cranium  linear measurements microsatellites Fst/Qst climatic selection, Siberia 
Roseman and Weaver 2004 cranium  linear, shape RFLP Fst, compared to skin climatic selection, nasal 
Harvati and Weaver 2006 cranium  3D GM microsatellites Mantel tests climatic selection, face 
Smith et al.  2007 temporal bone  3D GM STR Matrix correlations temp,latitude and size 
Manica et al.  2007 cranium linear measurements microsatellites Distance models diversity declines outside of Africa 
Betti et al.  2009 cranium  linear measurements microsatellites Distance models no role for climate 
von Cramon-Taubadel, 2009 cranium  3D GM microsatellites Distance Matricies 
temporal, sphenoid, frontal, parietal fit 
neutral model equally 
Betti et al.  2010 cranium  linear measurements no genetic data IBD climatic selection 
Smith et al.  2009 cranium 3D GM microsatellites Distance correlations vault no correlation 
Betti et al.  2012 pelvis/long bones  linear measurements no genetifc data Iterative founder model long bones show temp adaptation 
Betti et al.  2013 pelvis  3D GM no genetic data Distance correlation  pelvis fits neutrality 
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Quantitative Genetics and Primate Morphology 
Despite the rigorous testing of human cranial data against neutral models, it remains 
unknown if intraspecific congruence between genes and morphology is also the case in non-
human primates. Thus far, the majority of work in non-human primates has been done using 
quantitative genetics models to test for drift on cranial diversification between species, not 
within. Cranial diversity between fossil hominins and in New World monkeys has been tested for 
evidence of drift using quantitative genetics models. Quantitative genetics theory posits that if 
drift has shaped trait variation, the ratio of its variance within a species should be proportional to 
its variance between species (Lande 1979; 1980). If the within group variance deviates from the 
between group variance, selection, not drift may be shaping diversity. This approach enables 
testing for the evidence of drift with morphological data without direct genetic data. This method 
showed that cranial diversity in platyrrhines and australopiths cannot be solely due to genetic 
drift and instead that ecological adaptations to different dietary niches may have driven 
diversification between species (Ackermann and Cheverud 2002; Ackermann and Cheverud 
2004; Marroig and Cheverud 2004). 
 The work of Ackermann and Cheverud (2004) marked one of the first attempts to 
quantify fossil hominin craniofacial variation within a quantitative genetics framework by testing 
for drift versus selection. Through the analysis of variance covariance matrices between taxa, the 
authors demonstrated that craniofacial diversity between robust and gracile australopiths could 
not be explained by a neutral model of drift alone. The differences in patterns of variance 
between these two groups suggest that dietary adaptation played a key role in their 
morphological differentiation. It was also demonstrated that the differences between 
australopiths and the genus Homo requires a non-random adaptive explanation. On the other 
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hand, patterns of diversity between fossil crania of early Homo do not exceed what would be 
expected under a neutral model of drift. While all analyses of fossil hominin diversity are 
intrinsically hampered due to small sample sizes, this approach models diversity from a 
microevolutionary perspective, treating the morphology of each specimen as representative of a 
dynamic and variable population. Differences between cranial morphology of Neanderthals and 
modern humans have been one of the most frequently cited hominin examples of adaptive 
differences driven by climate (Coon 1962; Franciscus 2003; Finlayson 2004; Holton and 
Franciscus 2008). Neanderthals are characterized by robust, long, low crania, wide nasal 
openings and large para-nasal sinuses. This suite of features has been posited as an example of 
adaptation to the cold climate of Pleistocene Europe. By applying the same approach as 
Ackermann and Cheverud, Weaver and colleagues (2007) showed that morphological 
differences between Neanderthals and modern humans in fact did not exceed what would be 
expected under a neutral model of drift. The aforementioned quantitative research is beginning to 
upend previously held adaptive hypotheses for fossil taxa and is forging a new view of 





Non-Primate Population Genetics and Morphology 
 Illuminating patterns of morphological evolution using population genetics extends 
beyond humans, primates and hominins. This approach has been applied to a variety of other 
taxa, some of which are more conducive to these types of analyses due to highly restricted 
geographic ranges, short generation times and the accessibility of genetic and phenotypic 
samples from the same individual. Many studies in non-primate taxa that combine population 
genetics and morphology are performed with the goal of clarifying species boundaries as 
conservation units. These analyses are done from the perspective of estimating ecological 
biodiversity, however the theoretical basis for this work is the same as in modern humans. 
Population genetics serves as a foundation for inferences about how phenotypic variation reflects 
species history and adaptation. In rodents, amphibians, insects and fish, ecologically relevant 
traits such as coloration, body size, vocalizations and behavior have been measured against 
genetic markers (Hofreiter et al. 2002; Rasner et al. 2004; Lougheed et al. 2006; Cardini et al. 
2007; Dhuyvetter et al. 2007; Fulgione et al. 2008). This work integrates aspects of 
biogeography to estimate migration, gene flow and environmental factors that drive speciation. 
In many cases, neutral genetic distances between populations (FST) are compared to phenotypic 
distances (QST) as part of a holistic effort to describe meaningful taxonomic units (Leinonen et al. 
2006; Wang and Summers 2010). Overall, this work underscores the widespread utility of using 









CHAPTER 2: RESEARCH DESIGN and HYPOTHESES 
 
  
 The cranium has been the focus of morphological studies in primate and human evolution 
for decades, both from a functional and evolutionary perspective. Myriad evolutionary, 
developmental and environmental forces affect shape variation in the cranium. Therefore, the 
utility of the cranium to reflect phylogenetic relationships has been questioned (Collard and 
Wood 1999). This project aims to clarify the mechanisms that generate intraspecific cranial 
shape variation in hominoids. It is this intraspecific variation that evolution acts upon to drive 
diversification between species (Darwin and Wallace 1858). A large part of extinct hominin 
species delimitation relies on cranial morphology as a marker for evolutionary relationships 
between species and among populations. Therefore, it is of crucial importance to physical 
anthropology, and more broadly to evolutionary biology, to quantify the nuanced differences 
between individuals of the same species in order to detect and explore evolutionary change at its 
origin. 
 The central goal of this thesis is to provide a novel population-based perspective on the 
evolution of cranial form in apes. This project is focused on intraspecific diversity; therefore 
many individuals from each taxon were required for robust estimates of variation. To maximize 
the amount of taxa in this analysis, data collection and compilation for this project were designed 
using comparable methods as previous researchers for both morphology and genetics. Then, new 
data and previously collected data were combined to span 12 hominoid taxa, with several 





Through the joint analysis of genetic and morphological data from these 12 taxa the following 
questions will be addressed: 
1) Does the magnitude of neutral nucleotide variation within taxa correlate with the 
magnitude of cranial shape variation? 
2) How does intraspecific cranial shape diversity in the great apes compare to hylobatids?  
3) Does sexual dimorphism inflate cranial diversity within taxa? 
4) Do certain regions of the hominoid cranium reflect neutral evolutionary processes more 
than others? 
5) Can a population-based approach shed light on questions of species delimitation in the 




The central objective of this project is to assess if the magnitude of cranial shape 
variation within taxa mirrors the magnitude of their genetic diversity. Here, neutral population 
genetic data will anchor the analysis of morphological variation in a historically relevant context 
for each species. Cranial and genetic diversity will be measured in 12 taxa, representing 6 
different genera.   
 
Hypothesis I: The population history can explain the magnitude of intraspecific cranial 
diversity across a range of hominoid taxa.  
 
Predictions: Species with larger effective population sizes (Ne) assessed through studies of 
neutral genetic markers will show higher levels of intraspecific diversity in the cranium, as 
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assessed by average pairwise Procrustes distances. When comparing variation across multiple 
hominoid taxa, those species with higher neutral genetic diversity will also show more cranial 
shape diversity. This would indicate compatibility with neutral evolution on cranial evolution, 
and would mirror the pattern seen in humans.  
 
Alternative: Lack of correspondence between relative levels of cranial and genetic diversity 
indicates that a neutral model cannot account for the morphological diversity in some or all taxa. 
A plausible alternative is that selection is acting on cranial diversity in some or all taxa.    
 
Hypothesis II: Within each taxon, both the neurocranium and the face will show patterns 
consistent with drift, not natural selection. Previous work has shown that these two cranial 
regions are developmentally separate and therefore potentially subject to the action of 
evolutionary forces in different ways (Leamy et al. 1999).  
 
Predictions: Variation in the neurocranium will be consistent with the action of drift. In contrast, 
variation in the face will show patterns that deviate from neutrality and therefore indicate 
selection.  
 
Alternative 1: Both the neurocranium and face for all three species will show patterns indicating 
the action of selection.  
 
Alternative 2: There will be an inconsistent pattern of cranial and genetic diversity among all 




Hypothesis III: Cranial shape variation within each taxon is driven by sexual dimorphism. 
Therefore when male and female cranial data are analyzed separately the average pairwise 
Procrustes distance will shift significantly from the value for the combined sex dataset.  
 
Predictions: Species with higher average Procrustes distances will also be the most sexually 
dimorphic in size and shape (i.e. Gorilla and Pongo).  
 
Alternative: When males and females are looked at separately for each taxon, the relationship 
between the magnitudes of diversity will not change, indicating that diversity within a taxon is 















CHAPTER 3: MATERIALS and METHODS 
 
This chapter is divided into the following five sections:  
 
I. Genetic Data, Materials  
II. Genetic Data, Methods  
III. Morphological Data, Materials  
IV. Morphological Data, Methods  
V. Combined Analysis of Genetic and Morphological Data 
 
The broad methodological goals of this project were to estimate intraspecific nucleotide 
diversity and effective population size (Ne) in the following hominoid taxa: Homo sapiens, Pan 
paniscus, Pan troglodytes troglodytes, Pan troglodytes verus, Pan troglodytes schweinfurthii, 
Gorilla gorilla gorilla, Pongo pygmaeus, Pongo abelii, Symphalangus syndactylus, Hylobates 
moloch, Hylobates pileatus and Hylobates klossii. Then, in the same 12 taxa, estimate average 
pairwise Procrustes distances (PPD) based on 3D cranial landmark data. The final combined 
analyses are phylogentically corrected regressions to determine if a positive correlation exists 
between these two measures of diversity.  
 New 3D cranial landmark data were collected on the 3 hylobatid taxa. New genetic 
sequence data were collected on 13 individuals of Hylobates moloch. Cranial landmark data from 
the great apes is from McNulty (2003). Data on genetic diversity of members of the Hominidae 
were gathered from Fischer et al. (2006) and Chan et al. (2013). 3D geometric morphometric 
methods were used to quantify shape differences within taxa, while correcting for size. Cranial 
landmark data were divided into two distinct sets based on developmental modules. In order to 
address sexual dimorphism as a confounding aspect of variation, males and females were 
considered both together and separately. Genetic and morphological datasets were culled to 
ensure reasonable geographic overlap of individuals within each sample set. All cranial landmark 
data were taken on museum specimens from wild caught individuals; zoo specimens and 
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juveniles were excluded. The temporal range of the cranial specimens extends back to 1897. The 
genetic data are from the last 10 years. Populations have undoubtedly shifted during that time, 
however the patterns that I am examining are unlikely to be affected by that degree of time 
difference.  
 Genetic data used here consist of the same neutral, non-coding autosomal loci across all 
taxa. These regions were initially studied to reveal the population histories of humans, 
chimpanzees, gorillas and orangutans by Fischer et al. (2006). My genetic data collection was 
designed to sequence the same loci in Hylobates in order to facilitate comparison between 
species. Recently, Chan et al. (2013) had the same approach in several members of the 
Hylobatidae; this study provided several additional genetic data points for this study.  
 The same cranial specimens were microscribed by both researchers and compared to 
address any interobserver error. Incongruence of landmark collection was corrected by reducing 
the landmark dataset to include only landmarks homologous between researchers. 
 
I. GENETIC DATA, MATERIALS 
              To estimate nucleotide diversity (π, θW) and effective population size (Ne) for 12 
hominoid taxa, newly collected sequence data were combined with publicly available data. Here, 
new nuclear autosomal sequence data were collected for 13 Hylobates moloch individuals. To 
facilitate comparison between this species and publicly available hominoid population genetic 
data, 13 independent non-coding loci were selected based on their homology with regions 
already collected in other apes (Fisher et al. 2006). A total of 92,053 base pairs were sequenced 
for this project, 7,081bp from each of 13 H. moloch individuals. DNA samples for H. moloch 
were provided by Don Melnick, Columbia University. These samples were initially collected 
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from Java, Indonesia for a study of H. moloch population structure using mtDNA (Andayani et 
al. 2001). The samples were obtained from four geographically separate localities from Western 
and Central Java: Gunung Slamet, Gunung Masigit-Simpang-Tilu, Gunung Gede-Pangrango and 
Gunung Halimun (Figure 3.1). The previous mtDNA study showed that these individuals form 
two separate mtDNA clades: Western and Central.  
 

















(Andyani et al. 2001)  
 
 Publicly available sequence data were collected for the following taxa (Table 3.1): Homo 
sapiens (Fischer et al. 2006), Pan troglodytes troglodytes (Central chimpanzees) (Fischer et al. 
2004; 2006), Pan troglodytes schweinfurthii (Eastern chimpanzees) (Fischer et al. 2006), Pan 
troglodytes verus (Western chimpanzees) (Fischer et al. 2006), Pan pansicus (bonobos) (Fischer 
et al. 2006), Gorilla gorilla gorilla (Western lowland gorilla) (Thalmann et al. 2007), Pongo 
pygmaeus pygmaeus (Bornean orangutan) (Fischer et al. 2006), Pongo abelii (Sumatran 
	  
26 
orangutans) (Fischer et al. 2006), Symphalangus syndactylus (Siamang) (Chan et al. 2013), 
Hylobates klossii (Kloss’s gibbon) (Chan et al. 2013), Hylobates pileatus (Pileated gibbon) 
(Chan et al. 2013) and Hylobates moloch (Javan gibbon) (Chan et al. 2013).  
 To estimate Ne from π and θW, the following standard equation was used:  
Ne = π/(4µ) or Ne = θW /(4µ) which is based on θ = 4Neµ. The mutation rate (µ) was derived from 
the average pairwise differences (π) between two species calculated from sequence alignments 
using the program SITES. The average pairwise differences between species (π) were then 
divided by the generations that have passed between the divergence of the two species. To 
calculate the number of generations that have passed between two species, the estimated 
divergence time was multiplied by two, to account for evolution of both lineages, and then 
multiplied by the average generation time of the two species. Generation times were collected 
from Elango et al. 2006 and Whittaker 2005 (Homo sapiens 20 years) (Pan 15 years) (Gorilla 11 
years) (Pongo 16 years) (Hylobatids 9 years). Divergence times were from Steiper and Young 
2006 and Israfil et al. 2010 (Homo-Pan 6.6 mya) (Pan-Gorilla 8.6 mya) (Gorilla-Pongo 18.3 




Autosomal Loci Hominoids  
 
    N # of Base Pairs (per indv.) Base Pairs (per region) # Loci 
            
Fischer et al. 2006 Homo sapiens 45 16,001 800 19 
Fischer et al. 2006 Pan paniscus 9 22,401 850 26 
Fischer et al. 2006 Pan troglodytes troglodytes 10 22,401 850 26 
Fischer et al. 2006 Pan troglodytes verus 10 22,401 850 26 
Fischer et al. 2006 Pan troglodytes schweinfurthii 10 22,401 850 26 
Fischer et al. 2006 Gorilla gorilla gorilla 15 14,017 850 16 
Fischer et al. 2006 Pongo pygmaeus 10 16,001 850 19 
Fischer et al. 2006 Pongo abelii 6 16,001 850 19 
Chan et al. 2013 Symphalangus syndactylus 12 11,501 821 14 
Chan et al. 2013 Hylobates klossii 2 11,501 821 14 
Chan et al. 2013 Hylobates pileatus 8 11,501 821 14 
Chan et al. 2013 Hylobates moloch 8 11,501 821 14 
Zichello 2014 Hylobates moloch 13 7,081 545 13 
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II. GENETIC DATA, METHODS 
PCR - Hylobates moloch 
 DNA was extracted by Andayani et al. (2001) from whole blood samples. To increase 
stock DNA volume for this analysis, 1 µL of purified DNA from each of the 13 samples was 
amplified using the GenomiPhi V2 DNA Amplification kit (GE Healthcare, Buckinghamshire, 
UK). Polymerase chain reactions (PCR) and bacterial cloning were carried out to amplify 
specific regions and confirm heterozygotes. PCR was carried out using primers designed 
specifically for this project. The new primers were based on sequence similarity across an 
alignment of Homo sapiens, Pan troglodytes, Gorilla gorilla and Nomascus leucogenys. The 
sequences from the Northern White-cheeked gibbon (Nomascus leucogenus) were obtained from 
the Ensembl Genome browser (Flicek et al. 2012), all other species were obtained from 
GenBank based on studies published by Yu et al. (2002; 2003; 2004). Primers were designed to 
match the regions flanking the target regions. The following regions were amplified in H.moloch, 
names consistent with loci amplified in other apes (Table 3.2): NT787, NT812, NT813, NT864, 
NT953, NT1386, NT1469, NT1636, NT2019, NT2064, NT2352, NT2563, NT2986. 
Amplification was done in 25 µL reactions using Promega 5 PRIME Kits, with 10x PCR 
extender buffer with Magnesium, 200 µM of dNTPs , 0.5 µM of each forward and reverse 
primers (Fisher Oligos), 1.25 U PCR extender polymerase mix (5 PRIME), and approximately 
100 ng DNA template, at the following conditions: 95°C for 2 minutes, then 35 cycles of 94°C 
for 20 seconds, 50-60°C for 20 seconds, and 72°C for 40 seconds. Primer sequences and 
annealing temperatures are listed in Table 3.2. 
 PCR products were purified using forensic grade Microcon DNA Fast Flow (Merck 
Millipore Ltd., Carrigtwohill, Ireland). Purified DNA samples were sent to Genewiz (Plainfield, 
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NJ) for sequencing in both forward and reverse directions to ensure complete coverage and to 




Sequence Alignment- H.moloch 
 Contigs from forward and reverse sequences were aligned for each region in the program 
MacVector. The electropherograms were systematically checked by eye for the presence of 
ambiguous bases and heterozygotes. If heterozygotes were found, the region was sent for re-
sequencing for confirmation. In several cases, sequencing primers were not able to accurately 
capture repeat regions and some heterozygotes. These regions were flagged and later cloned into 
a bacterial vector to isolate single-stranded pieces and confirm the presence of heterozygotes.  
 From forward and reverse sequences, consensus sequences were exported from the contig 




Region Forward Primer Sequence Reverse Primer Sequence Temperature (Cº) 
NT787 F1 5’ ATGCTGGGACAGGCCTATTA 3’ R2 5’ CTCCTGGACTCAAGCAATCC 3’ 58.8 
NT812 F1 5’ CATCCGCTTTGCTGTGCTGCAC 3’ R2 5’ TTTAATGGCACTCTGGTCTG 3’ 57.9 
NT813 F1 5’ GTTCCTGGTGTTTGTTCTATG 3’ R2 5’ TTGGATGCTGGTAATTGGCT 3’ 58.8 
NT864 F1 5’ GCCACAGAAAGGTCTTAGCT 3’ R2 5’ AAAGATGCATAAATAGAGT 3’ 51 
NT953 F2 5’ AGATGTCCACTCTCGCAGGG 3’ R1 5’ AGCTAACTAGGAGTCGGTAG 3’ 55.4 
NT1386 F1 5’ GAATAGACTTAGGGGAGTAA 3’ R1 5’ GAGAAAACCAAACCTCAAGAAG 3’ 52.8 
NT1469 F1 5’ CACAAAGAAGTGGTTGGGAAA 3’ R2 5’ TGTGTCCTCTTATTTCTCCCA 3’ 57 
NT1636 F2 5’ AGCACAGCTCTCTTTCTTGG 3’ R1 5’ AGCTGAGGATTTGGAGGAAG 3’ 58.8 
NT2019 F1 5’ CCACCAAAAAGTGAGTTCCAA 3’ R1 5’ TTAATGCAGCCCCTCTCAAT 3’ 58.8 
NT2064 F2 5’ CAGACTAACAGTATGAGGAAG 3’ R2 5’ GTATCTTGTTGGCTTGTGGCT 3’ 58 
NT2352 F2 5’ CAATTATTCACCCCATGCTCA 3’ R2 5’ GCTTGCTTGCTTGGTTGATTC 3’ 57.9 
NT2563 F1 5’ ATGGCTATATTCTCAACTTA 3’ R1 5’ AGCAGCAAATAGTAGGAGTTA 3’ 56.7 
NT2986 5’ GAATCTGGTGAAATTAACCT 3’ R2 5’ GAAGGACCATAATTCCAAA 3’ 53 
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For each heterozygote position, the specific bases and locations were recorded. From this 
information, files were built for the program PHASE. This software estimates the most probable 
haplotypes given a set of SNPs and their chromosomal locations. The haplotype output data from 
PHASE were then formatted for the program SITES (Hey and Wakeley 1997), which estimates 
population parameters such as π, θW.  
 
Bacterial Cloning - H.moloch 
 Certain loci were difficult to sequence because of the presence of repeat regions. For 
these loci, we cloned the PCR products into a bacterial vector. We also cloned certain regions to 
confirm heterozygotes that we observed examining the electropherogram peaks obtained from 
sequencing the PCR products. We cloned the PCR product directly into competent E. coli using 
the TOPO TA Cloning Kit for Sequencing (Invitrogen). We grew the bacterial colonies 
overnight at 37°C on plates treated with Kanamycin antibiotic as a selective agent. We then 
picked 10 colonies per sample and performed a clone test PCR using M13F-20  
(5’ GTAAAACGACGGCCAG 3’) and M13R (5’ CAGGAAACAGCTATGAC 3’) to determine 
whether the molecular cloning was successful. Then, the clones containing the insert DNA were 
grown in separate tubes of 3 mL LB medium with 50 µg/mL kanamycin agitated at 37°C 
overnight, to yield more clones of bacteria. On the following day, 1.5 mL of bacterial culture 
were purified using the FastPlasmid Mini Kit (5 PRIME) to be sent out for sequencing. This 
cloning procedure was done twice for each individual sample to confirm that both alleles were 





Sequence Alignment – publicly available Hominoid data 
 All data were downloaded from NCBI and aligned using Clustal W. For H.moloch, newly 
collected data were included, although Chan et al. 2013 also sequenced H.moloch. Nucleotide 
diversity was calculated on each of these two H.moloch datasets, results were comparable. 
Publicly available sequence data were duplicated to represent two alleles and then entered into 
PHASE for haplotype estimation. 	  
	  
	  
Calculating Nucleotide Diversity (π, θW) 
 
Genetic diversity was estimated within Homo sapiens, Pan troglodytes troglodytes,   
P. t. verus, P.t. schweinfurthii, Pan paniscus, Gorilla gorilla gorilla, Pongo pygmaeus, P. abelii, 
Symphalangus syndactylus, Hylobates moloch, Hylobates klossii, Hylobates pileatus. Genetic 
diversity (π), an estimator of θw (theta), the neutral population parameter, was calculated within 
each species or subspecies, for nuclear autosomal datasets on a per locus basis using the software 
SITES (Hey and Wakeley 1997). Genetic variation per locus was measured (π), which calculates 
the pairwise nucleotide diversity between several individuals within a species. An average of all 
π values from each locus was calculated. From this average π value, effective population size 
(Ne) was calculated. Ne was calculated per locus, given the standard equation Ne = π/(4µ) for 
nuclear DNA. µ is the mutation rate, which was derived from the average pairwise differences 
between two species, divided by the generations that have passed between the estimated 
divergence of the two species. The average Ne was taken across all loci within a dataset, per-
species (Table 4.2). As a means of correcting for differences in sample sizes between species, θw 
was also calculated.  
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III. MORPHOLOGICAL DATA, MATERIALS 
Morphological data used for this analysis included 34 Type I, II and III homologous x, y, 
z cranial landmarks capturing shape differences in morphology of the entire cranium. Landmark 
definitions are provided in Table 3.3. Landmarks were analyzed in three sets: 34 landmarks for 
the entire cranium, 12 landmarks for the cranial vault and 22 landmarks for the face. New 
landmark data were collected from the American Museum of Natural History, NY, the National 
Natural History Museum, London, Smithsonian National Museum of Natural History, DC and 
the Naturalis Biodiversity Center, Leiden for the following Hylobatids: Symphalangus 
syndactylus syndactylus, Symphalangus syndactylus continentis, Hylobates moloch, Hylobates 
pileatus, Hylobates klossii, Hylobates lar vestitus, Hylobates lar lar, Hylobates lar enteloides, 
Hylobates lar concolor, Hylobates lar albimanus. For the purpose of the final analysis, certain 
taxa were excluded because of the lack of a reasonably congruent sample of genetic and 
morphological data. All Hylobates lar were excluded from the final analysis because it could not 
be confirmed from what subspecies the genetic data originated. 
Previously collected 3D landmark data (McNulty 2003) were included for the following 
taxa: Homo sapiens, Pan paniscus, Pan troglodytes troglodytes, Pan troglodytes verus, Pan 
troglodytes scweinfurthii, Gorilla gorilla gorilla, Pongo pygmaeus, Pongo abelii (see Appendix). 
The McNulty dataset was edited to include only 34 homologous landmarks that were also 
collected on the Hylobatid crania.  
 Landmark sets were derived from well-established developmental modules in the 
mammalian cranium. The ontogenetic trajectory of the skull is a multifactorial process involving 
the coordination of genes, cells, bones, organs and environment. Developmental integration 
causes ontogenetic and evolutionary change to occur in localized groups, which share a common 
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developmental pathway, rather than each region changing independently (Olson and Miller 1958; 
Cheverud 1982; Pigliucci and Preston 2004; Klingenberg 2005). The mammalian cranium is 
often divided into three partially independent developmental modules: the basicranium, the 
neurocranium and the face (de Beer 1937; Moss & Young 1960; Enlow 1968; Leamy et al. 
1999). There is evidence that within-module evolutionary changes are constrained due to this 
integration (Goswami and Polly 2010). Each of these modules develops at a different rate. First 
the basicranium reaches adult morphology, followed by the neurocranium and then later the face 
(Enlow 1968; Bastir & Rosas 2004; Bastir 2006). The timing of development is important when 
determining the relative contribution of environment to adult form. For example, the 
basicranium, because it develops first, is less affected by bone remodeling due to environmental 
stress. Therefore, it is plausible that this contributes to the pattern that the basicranium and the 
temporal bone reflect phylogeny and population history more closely than facial morphology 

























  Landmark Description  Facial/Cranial Bilateral 
1 Bregma junction of coronal and sagittal sutures C  
2 Post toral sulcus 
point of maximum concavity behind supraorbital torus 
in the midline C  
3 Glabella most anterior midline point on the frontal bone C  
4, 5 Midtorus superior most superior point on the supraorbital torus C x 
6, 7 Midtorus inferior midline point on the superior margin of the orbit C x 
8 Inion 
point at which the superior nuchal lines merge in 
sagittal plane C  
9 Opisthion 
midline point at the posterior margin of the foramen 
magnum C  
10 Basion midline anterior margin of the foramen magnum C  
11, 12 Porion 
central point on the upper margin of the external 
auditory meatus C x 
13, 14 Zygoorbitale junction of zygo-maxillary suture and the orbital rim F x 
15 
Anterior Attachment of 
Nasal septum most anterior insertion of cartilaginous nasal septum F  
16, 17 Jugale 
deepest point in the notch between temporal and 
frontal processes of the zygomatic bone F x 
18, 19 Infraorbital foramen superior margin of the largest infraorbital foramen F x 
20 Rhinion most inferior point of inter-nasal suture F  
21, 22 
Inferior premaxillo-
maxillary suture most inferior point on premaxillo-maxillary suture F x 
23 Alveolare most inferior midline point on the maxilla F  
24 Staphylion  most posterior midline point on the hard palate F  
25, 26 Distal Molar 
most distal molar point on M3 projected laterally to the 
alveolar margin F x 
27 Midline Anterior Palatine junction of palato-maxillary and inter-palatine sutures F  
28 Incisivion most posterior point of (oral) incisive foramen F  
29, 30 Pre-molar-molar contact P/M contact projected laterally to the alveolar margin F x 
31, 32 Canine premolar contact C/P contact projected laterally to the alveolar margin F x 
33, 34 Lingual canine margin most lingual point on the canine alveolar margin F x 
	  
36 
IV. MORPHOLOGICAL DATA, METHODS 
 Three-dimensional landmark data were collected using a Microscibe digitizer. For each 
cranium, data were collected in two orientations: dorsal and ventral. To combine these two 
orientations into a single 3D-landmark shape, a program called DVLR (Dorsal, Ventral, Left, 
Right) (http://pages.nycep.org/nmg/programs.html) was used. This software uses landmarks that 
were collected in both orientations as reference points to merge the two orientations. The merged 
data were then exported in Morphologika format for the next step. At this step, newly collected 
data and previously collected data, were all grouped together in one file. Using Morphologika 
(O’Higgins and Jones 1998) (version 2.5), all landmark data were subjected to a generalized 
Procrustes Analysis (GPA) together in the same shape space. The GPA scales and rotates all 
specimens around a centroid. Differences in size and orientation are eliminated during this step, 
so that only differences in shape remain between specimens. Following the GPA, data were 
exported to SAS (version 9.2) statistics software package. A routine was written in SAS to iterate 
though the dataset for each taxon and calculate pairwise Procrustes distance between specimens 
(McNulty 2003). The Procrustes distance measures the shortest distance between all landmarks 
after superimposition; this captures overall shape differences between two specimens. Two 
individuals from the same species were sampled and the Procrustes distance between them was 
calculated. This process was then repeated 10,000 times within every taxon, each time selecting 
two individuals at random from the sample. From this, a distribution of average pairwise 
Procrustes values was created and the average pairwise Procrustes distance was extracted for 
each taxon. Analyses were run within each taxon only. First males and females were included 
together, then males alone, then females alone. The analysis was run on all 34 landmarks 
together, then on 22 and 12-landmark subsets, which correspond to developmentally independent 
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craniofacial modules. The 12-landmark set captures the shape of the cranial vault, while the 22-
landmark set is limited to the face only.  
To determine if sample size significantly influenced the mean Procrustes distance within 
each taxon, several tests were performed. The largest sample size was 75 individuals for Pan 
troglodytes troglodytes. From these 75 individuals, random subsets were taken of 50, 20, 10, 5 
and 2 individuals. For each of these subsets, average pairwise Procrustes distances were 
calculated using the same 10,000 replicates approach described above. See Table 3.4 for results. 
No significant difference was found between the different sample sizes. These tests confirmed 
that small sample sizes could effectively be used to capture intraspecific cranial shape diversity 
that reflect a larger species-wise trend.  
In order to assess landmark congruence between newly collected data with previously 
collected data, identical landmarks were collected on the same 12 Symphalangus syndactylus 
specimens from AMNH by McNulty and Zichello. These two datasets were grouped and 
compared using principle components analysis. An average pairwise Procrustes distance was 
calculated for each group of samples from both researchers. From this test and visual 
confirmation of landmark overlap in Morpologika, five landmarks that were not congruent 
between observers were removed to arrive at the final 34 landmarks. After the removal of these 5 








   
 
TABLE 3.4 
Sample Size Test 
 
Pan troglodytes troglodytes         
 N = 2 N = 5 N = 10 N = 20 N = 50 N = 75 
 0.00700 0.00660 0.00654 0.00651 0.00643 0.00641 
 0.00650 0.00658 0.00652 0.00646 0.00643 0.00641 
 0.00650 0.00652 0.00650 0.00643 0.00642 0.00641 
 0.00640 0.00651 0.00648 0.00642 0.00641 0.00641 
 0.00639 0.00650 0.00648 0.00642 0.00641 0.00641 
 0.00633 0.00639 0.00646 0.00641 0.00641 0.00641 
 0.00623 0.00637 0.00645 0.00638 0.00640 0.00641 
 0.00623 0.00631 0.00637 0.00636 0.00640 0.00641 
 0.00621 0.00626 0.00636 0.00636 0.00640 0.00641 
 0.00605 0.00620 0.00634 0.00635 0.00639 0.00641 
RANGE 0.00099 0.00040 0.00019 0.00016 0.00004 0.00000 
MEAN 0.00640 0.00642 0.00645 0.00641 0.00641 0.00641 
 
 
V. MORPHOLOGY AND GENETICS  
 Finally, to determine the strength of the relationship between genetic and morphological 
diversity, the average Ne from each taxon was regressed against the matched average pairwise 
Procrustes distance from 3D cranial landmark data. A total of 36 regressions were performed. 
This was done for three different landmark sets: 34, 22 and 12. For each landmark set, there is a 
combined sex regression and then males and females separately. Ordinary least squares 
regressions were performed. Each regression was then phylogentically corrected (PGLS) to 
account for patterns potentially skewed by close evolutionary relationships between species. All 
results showed that the relationship between Ne and PPD was not a result of close evolutionary 
	  
39 
relationships between the taxa sampled here, with lambda values at or close to 0. A tree file of all 
species used in this analysis was generated from the website 10ktrees.fas.harvards.edu. This file 
was loaded into “R” and using the packages (caper) and (ape), phylogenetically corrected least 
squares regressions (PGLS) were performed. The results for PGLS regressions versus OLS 
regressions were overlapped on the same chart, PGLS regression lines shown in blue, OLS in 
black. See results in Figures 4.6-4.23. Sample sizes for morphological data in each taxon varied, 
as did sample sizes for genetic data. Therefore, error exists in both variables. In order to mitigate 
sample size differences in the morphological values, bootstrapping was performed to arrive at an 
average PPD value after 10,000 pairwise replicates. This error could be addressed in future work 
through adjusting the parameters of the regression analysis to account for differentially weighted 




























CHAPTER 4: RESULTS and DISCUSSION 
 
  
Average Pairwise Procrustes Distance Results 
 Pongo abelii shows the highest average pairwise Procrustes distance (PPD) of all 12 taxa 
in this analysis, both in the combined sex sample and in males and females separately. This 
species also shows the most shape variation across all landmark sets, the face being the most 
variable region (Table 4.1). Conversely, Pan paniscus consistently falls among the lowest PPD 
values of the great apes, for combined sex and in males and females separately. PPD values for 
chimpanzee subspecies consistently show that Pan troglodytes troglodytes (Central African 
chimpanzees) are more cranially variable than either Pan troglodytes verus (West African 
chimpanzees) or Pan troglodytes schweinfurthii (East African chimpanzees). P.t.verus and 
P.t.schweinfurthii PPD values alternate as to which value is greater depending on the landmark 
set and sex analyzed. For example, P.t. verus is less variable than P.t. schweinfurthii in both the 
face and in the cranial vault, but in the whole 34-landmark dataset, P.t. schweinfurthii is slightly 
more variable than P.t.verus. Although because these values are averages generated from 10,000 
replicates of pairwise comparison, this degree of difference is not necessarily biologically 
meaningful.  
 In all landmark sets, both Pongo and Gorilla have higher PPD values than all other taxa.  




Average Pairwise Procrustes Distances	  
	  
	   (34) M+ F	   (34) F	   (34) M	   (12) M + F	   (12) F	   (12) M	   (22) M+F	   (22) F (22) M	  
Homo sapiens 0.01068 0.01243 0.00945 0.00609 0.00629 0.00598 0.01420 0.01511 0.01344 
N 38 18 20       
Pan paniscus 0.00585 0.00602 0.00501 0.00404 0.00399 0.00414 0.00986 0.01033 0.00794 
 41 21 17       
Pan troglodytes 0.00678 0.00624 0.00705 0.00561 0.00506 0.00625 0.01041 0.01000 0.01050 
 107 63 44       
Pan troglodytes troglodytes 0.00640 0.00594 0.00678 0.00558 0.00489 0.00639 0.01024 0.01002 0.00974 
 74 48 26       
Pan troglodytes schweinfurthii 0.00625 0.00363 0.00714 0.00503 0.00299 0.00590 0.00988 0.00655 0.01051 
 11 3 8       
Pan troglodytes verus 0.00661 0.00690 0.00610 0.00453 0.00468 0.00458 0.00913 0.00893 0.00870 
 22 12 10       
Gorilla gorilla gorilla 0.01035 0.00724 0.00935 0.00896 0.00615 0.00842 0.01397 0.01103 0.01347 
 70 28 42       
Pongo abelii 0.01720 0.01292 0.01598 0.01488 0.01110 0.01577 0.01868 0.01737 0.01569 
 18 8 10       
Pongo pygmaeus 0.00912 0.00671 0.00921 0.01120 0.00909 0.01192 0.01139 0.00854 0.01308 
 35 20 15       
Hylobates klossii 0.00504 0.00512 0.00506 0.00721 0.00661 0.00803 0.00884 0.00997 0.00794 
 21 10 11       
Hylobates moloch 0.00751 0.00590 0.00850 0.00779 0.00698 0.00882 0.01219 0.01190 0.01198 
 15 6 9       
Symphalangus syndactylus 0.00979 0.00935 0.00962 0.00903 0.00898 0.00856 0.01677 0.01786 0.01635 
 42 20 20       
Hylobates pileatus 0.00513 0.00487 0.00474 0.00347 0.00400 0.00219 0.01061 0.00955 0.01071 

























TABLE 4.2       
Centroid Size Variance     
    
 (34) M+F  (34) F   (34) M 
        
Homo sapiens  
 
949.5180 672.0265 768.2663 
Pan paniscus 488.6118 376.7499 512.3594 
Pan troglodytes troglodytes 1895.9512 999.5480 1663.3560 
Pan troglodytes verus 842.2246 715.3696 376.0852 
Pan troglodytes schweinfurthii 2022.8615 1699.4152 1348.5840 
Gorilla gorilla gorilla 11434.3702 1004.4841 5011.1607 
Pongo pygmaeus 8505.5467 1613.5679 3965.9139 
Pongo abelii 10942.2075 1175.1569 4874.7495 
Symphalangus syndactylus 191.3344 100.8263 220.0267 
Hylobates klossii 14.2161 12.4285 17.0825 
Hylobates pileatus 17.5732 2.0029 26.3392 
Hylobates moloch 37.4953 40.1864 29.5092 
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Nucleotide Diversity, θW and Ne estimates  
 Nucleotide diversity was estimated using both π and θW. These two summary statistics 
estimate diversity using different models. π estimates diversity using a pairwise approach, 
averaging the number of nucleotide differences between any two sequences in the sample. 
Watterson’s theta estimates nucleotide diversity by calculating the number of segregating sites. 
Under a neutral model we expect π and θw to be equivalent. Estimating Ne from π, and also from 
θ, had only a small affect on the final results. For this project, π may be a more appropriate value 
to compare to average pairwise Procrustes distance because of the pairwise nature of both 
estimates. π values ranged from 0.06 for Hylobates pileatus to 0.35 for Pongo abelii. Theta 
values ranged from 0.07 for Hylobates pileatus to 0.32 for Pongo abelii, see Table 4.2. The 
importance of including θ values, in addition to π, is that they correct for sample size variation 
between taxa. Although the same loci were used to generate these estimates across all species, 
the sample sizes differed, ranging from 6 Pongo abelii individuals to 45 humans, see Table 3.1. 
The highest Ne values are found in Pongo abelii, this is consistent with results from several other 






TABLE 4.3         
Nucleotide Diversity     
     
 π  (%) θ Ne  (from π) Ne  (from θ) 
          
Homo sapiens  0.12 0.14 23,770 27,826 
Pan paniscus 0.10 0.12 21,046 23,763 
Pan troglodytes troglodytes 0.20 0.24 39,616 45,361 
Pan troglodytes verus 0.08 0.09 15,846 17,446 
Pan troglodytes schweinfurthii 0.16 0.17 31,693 33,398 
Gorilla gorilla gorilla 0.15 0.14 42,157 37,452 
Pongo pygmaeus 0.27 0.27 78,429 67,543 
Pongo abelii 0.35 0.32 101,667 88,968 
Symphalangus syndactylus 0.17 0.19 49,246 55,039 
Hylobates klossii 0.08 0.08 23,174 23,174 
Hylobates pileatus 0.06 0.07 17,380 20,277 
Hylobates moloch 0.17 0.16 49,246 46,349 




























Ne from π and θw 
Ne  (from  π) 






Ne/PPD Regression Results 
 A total of 36 regressions were performed for the final analyses. Eighteen used a linear 
model. Another 18 used a phylogenetically corrected model to account for the possibility that a 
statistically significant relationship between these two estimates was the result of close 
evolutionary relationships between all taxa. Average pairwise Procrustes distances (PPD) were 
regressed against Ne estimates, derived from both π and θw (Table 4.3). Results from Ne derived 
from π versus Ne derived from theta were comparable (Table 4.2). Males and females were 
combined in one sample for each taxon, and males and females were also separated to address 
the confounding issue of sexual dimorphism. All regressions were highly statistically significant, 
with the exception of the female-only facial dataset and the female-only whole cranium dataset. 
 
Ne against entire cranium, 34-landmark set 
 Regressions from Ne against the 34-landmark set of the whole cranium were highly 
significant for all analyses, with the exception of the female-only dataset. For the combined sex 
sample, using Ne from π, the adjusted R2 was 0.59 with a p-value of 0.0006 for the 
phylogenetically corrected model. For the linear model, 34-landmark dataset, Ne from π, adjusted 
R2 was 0.59 with a p-value of 0.002. No phylogenetic structure was detected in this relationship, 
or in any other regressions performed for this project. For males only, Ne from π, linear model, 
R2 was 0.71 and the p-value was 0.0002. By contrast, for females only, Ne from π, linear model, 
R2 was 0.15 and p-value was 0.09. This result for the 34-landmark dataset in females was likely 
driven by the female-only facial dataset, because the female only cranial vault dataset was 






TABLE 4.4    
Regression Results     
PPD/Ne    
   Ne  (from π) Ne  (from θw) 
(34) Males + Females OLS R2       0.5926 0.5814 
  p-value 0.002065 0.002381 
(34) Males + Females PGLS R2          0.5926 0.5814 
  p-value 0.0006059 0.0007161 
(34) Females OLS R2           0.1594 * 0.1879 * 
 p-value 0.1095 * 0.08912 * 
(34) Females PGLS R2         0.1594 * 0.1879 * 
 p-value 0.09038 * 0.06861 * 
(34) Males OLS R2     0.7195 0.7206 
  p-value 0.000299 0.000293 
(34) Males PGLS R2           0.7195 0.7206 
  p-value 6.66E-05 6.51E-05 
(22) Males + Females OLS R2      0.4079 0.4696 
 p-value 0.01507 0.008327 
(22) Males + Females PGLS R2     0.4079 0.4696 
 p-value 0.006771 0.003234 
(22) Females OLS R2           0.1158 * 0.1909 * 
  p-value 0.1493 * 0.08716 * 
(22) Females PGLS R2        0.1158 * 0.1909 * 
  p-value 0.137 * 0.06659 * 
(22) Males OLS R2            0.4178 0.5369 
 p-value 0.01375 0.004052 
(22) Males PGLS R2           0.4178 0.5369 
 p-value 0.006033 0.001348 
(12) Males + Females OLS R2          0.8725 0.8147 
  p-value 5.41E-06 3.60E-05 
(12) Males + Females PGLS R2      0.8725 0.8147 
  p-value 8.80E-07 6.58E-06 
(12) Females OLS R2         0.6847 0.6788 
 p-value 0.0005467 0.0006012 
(12) Females PGLS R2      0.6699 0.6652 
 p-value 0.0001714 0.0001862 
(12) Males OLS R2      0.9088 0.8394 
  p-value 9.99E-07 1.74E-05 
(12) Males PGLS R2          0.9053 0.8394 




Ne against face, 22-landmark set 
 The facial dataset also showed a significant relationship between Ne and PPD for all 
except the female-only dataset. The relationship between Ne and the facial landmarks is the 
weakest of the three landmark sets in this analysis. For the combined sex sample, Ne from π, 
linear model, R2 was 0.40 and p-value was 0.01. Males only, Ne from π, linear model, R2 was 
0.41 and p-value was 0.01. Females only, Ne from π, linear model, R2 was 0.11 and p-value was 
0.14. The face exhibits more shape variation and therefore a weaker relationship with Ne . This 
fits with predictions from modern humans and from other comparative cranial work in primates. 
The face is the final cranial region to reach adult morphology during development and therefore 
more environmentally influenced than the cranial vault or base.  
 
Ne against cranial vault, 12-landmark set 
 The cranial vault showed the strongest relationship between Ne and PPD. This fits with 
results from analyses in humans that have identified the vault as a less plastic region than the 
face, and therefore more tightly reflective of genetic and demographic patterns. For the 
combined sex sample, Ne from π, linear model, R2 was 0.87 and p-value was 5.411e-06. Males 
only, Ne from π, linear model, R2 was 0.90 and p-value was 9.992e-07. Females only, Ne from π, 
linear model, R2 was 0.68 and p-value was 0.0005.  
 The female cranial vault results are significant, but the female face and whole cranium 
are not. An overall trend in this dataset and all others is that females show a weaker relationship 
with Ne than males. It is important to note that the 22-landmark facial dataset and the  
12-landmark cranial vault datasets do not overlap. Therefore, the lack of correlation between Ne 




female Pongo pygmaeus facial PPD is lower than the male sample. This data point shifts 
significantly between the combined sex sample and the female only sample and its relationship 
relative to other species. This shift influences the overall strength of the correlation. This lack of 
facial diversity in Pongo pygmaeus females, relative to males, may represent stabilizing selection 
acting to constrain diversity.  
 
Ne against cranial size variance, 34-landmark set 
Cranial variation within a species is only partially understood through looking 
exclusively at shape. Size diversity is also an important element, on its own, and as a potential 
driver of shape variation. Results here show that a statistically significant relationship exists 
between combined male and female cranial size variance and Ne , and between male size 
variance and Ne. These results echo the pattern seen with shape variance and suggest that either 
size variance is also influenced by the underlying genetic variance of the species, or that shape 

















































































































 Taken together, the high R2 values from the regressions of Ne and PPD suggest that the 
population history can serve as an explanation for the genetic variation and cranial variation 
within each extant hominoid taxon. Neutral genetic loci and cranial morphology are separate 
systems that are both potentially influenced by population history. This project is the first 
attempt to contextualize cranial shape diversity in extant hominoids within a population genetics 
framework, and quantify this trend. These results have implications for hominin fossil species 
delimitation and potentially even more broadly, for patterns of vertebrate evolution.  
 
Hypothesis I: The population history can explain the magnitude of intraspecific cranial 
diversity across a range of hominoid taxa.  
The high R2 values from Ne and PPD suggest that the population history is a strong 
determinant in the magnitude of skeletal variation within hominoid species. This is not altogether 
surprising given the patterns we see in humans, however it points to an important evolutionary 
trend that bears on many issues including; species delimitation, phenotypic neutrality and 
identifying adaptive skeletal evolution. For example, given this pattern, it is important to correct 
for neutral population history when estimating variation within species, even in studies that are 
primarily focused on the evolution of skeletal morphology alone.   
 
Hypothesis II: Within each taxon, both the neurocranium and the face will show patterns 
consistent with drift, not natural selection. Previous work has shown that these two cranial 
regions are developmentally separate and therefore potentially subject to the action of 




In all taxa, the face shows higher average PPD than the cranial vault. Wood and 
Lieberman (2001) provide evidence that craniofacial traits subjected to low strains tend to show 
less variation than those subjected to higher strains. Therefore the face would show more 
variation than either the basicranium or the cranial vault. This result also fits with expectations 
gleaned from work on modern humans, where the face shows a stronger response to climatic 
selection and bone remodeling because of masticatory pressures (Roseman 2004). The data from 
this dissertation support the well-studied pattern that intraspecific variation in facial shape is 
inflated relative to other parts of the skull, such as the cranial vault. Shape differences within 
taxa are uniformly higher in the facial dataset than in the cranial vault dataset. In certain taxa, 
such as Pan paniscus, the face is more than twice as variable as the vault (Table 4.1). Increased 
skeletal plasticity in this region may be due to mechanical loading from mastication. The face is 
the last region of the cranium to reach adult form, therefore it is potentially subject to 
environmental influence for a longer period of time that either the cranial vault or the cranial 
base.  
 
Hypothesis III: Cranial shape variation within each taxon is driven by sexual dimorphism. 
Therefore when male and female cranial data are analyzed separately the average pairwise 
Procrustes distance will shift significantly from the value for the combined sex dataset.  
 When males and females are analyzed separately they still show a positive correlation in 
relation to Ne. This refutes the idea that it is only sexual dimorphism inflating the variation 
within species, especially in Pongo and Gorilla.  For example, male Sumatran orangutans, like 
orangutans as a whole, are the most cranially variable male hominoids compared to all others in 




taxa. Relative to all other taxa, PPD values are highest for Pongo and Gorilla in both the male-
only and female-only datasets. This is a key point because it demonstrates that sexual 
dimorphism, while clearly present in these species, does not alone account for the high degree of 
cranial shape variation within these species. The process of Procrustes superimposition adjusts 
for size related differences between samples by scaling all data to a centroid. However, even 
given this size adjustment, shape differences that are the result of allometry may remain. This 
may contribute to the result that males show more shape diversity than females overall especially 
in highly dimorphic species. Gorilla females show less diversity than males. This pattern is also 
evident in Pongo. Across primates, it has been demonstrated that males are more variable than 
females in crania and post-cranial variation (Leutenegger and Cheverud 1982; 1985). 
Specifically, adult male orangutan cranial variation may be driven by differential male 
dominance hierarchies. Only resident dominant males achieve full body size and development of 
strong cranial robusticity, while other males retain a subadult body form even though they are 
dentally adult (Utami Atmoko and van Hoof 2004). The result is that male cranial features are 
more variable than females (Leutenegger and Masterson 1989). In sexually monomorphic 
species such as humans and hylobatids, there is no consistent pattern of males being more or less 
variable than females.  
 If we take the aforementioned results to suggest that the signature of population history is 
evident from intraspecific cranial shape variation in extant hominoids, then the central question 
becomes: What demographic and ecological factors shaped the population histories of each 
taxa and drove a parallel change in both molecular and skeletal diversity?  
The explanation for the apportionment of human cranial, and some post-cranial, diversity 




sapiens to experience a bottleneck, in addition to successive founder effects as populations 
traversed new lands. The regions of the crania that are less environmentally influenced, such as 
the cranial vault and the temporal bone, retain a signature of this population history with more 
fidelity than the face. Populations that are in closer geographic proximity to one another, also 
have more similar cranial forms. Cranial diversity is highest in sub-Saharan Africa, as is genetic 
diversity.  
 West African chimpanzees and bonobos have Ne values lower than humans, while 
Central, and Eastern chimpanzees have higher Ne values. Bonobos and common chimpanzees 
were separated by the formation of the Congo River approximately 1.5-2 mya. This barrier 
inhibited gene flow and restricted bonobos to a small geographic area south of the river. 
Additionally, periodic contractions of forest cover in this region may have forced bonobos into a 
population bottleneck (Hamilton 1981). Within Pan troglodytes, central chimpanzees (P.t. 
troglodytes) contain the most genetic diversity, followed by eastern chimpanzees (P.t. 
schweinfurthii). Western chimpanzees have the lowest levels of genetic diversity (P.t.verus). 
This pattern is supported by several analyses using many independent loci (Noda et al. 2001; 
Fischer et al. 2004; 2006; Prado-Martinez et al. 2013). Therefore, central chimpanzees are 
hypothesized to be ancestral to both western and eastern subspecies. Data from Bayesian 
population modeling in chimpanzees suggests that the eastern and western populations went 
through a bottleneck just after their divergence and before expanding to their current range. In 
contrast, there is evidence that central chimpanzees have had a recent range expansion, without 
any evidence of a bottleneck (Wegmann and Excoffier 2010). Sumatran orangutans have been 




long-term separation of these groups and offers an explanation for the high diversity of the 
species as a whole.  
Clarifying the historical population history of the living apes and estimating genetic 
diversity has implications for conservation efforts. Therefore, many population genetic analyses 
of the Hominidae have looked at neutral non-coding loci as indicators of how demographic 
history has shaped intraspecific genetic diversity. Currently, there is a wealth of population 
genetic data on all members of the Hominoidea, including whole genome data. Orangutans, 
gorillas, gibbons and central and eastern chimpanzees are more genetically diverse than humans, 
whereas western chimpanzees and bonobos have amounts of genetic diversity closer to humans 
(Noda et al. 2001; Kaessmann and Pääbo 2002; Fischer et al. 2006; Prado-Martinez et al. 2013). 
All of the living apes have drastically lower population census sizes than humans, but diversity 
has been maintained in many of these species as a vestige of large ancestral population sizes or 
population sub-structuring. The reverse is true in modern humans, where a recent population 
expansion ~50,000 years ago has not resulted in an increase in genetic diversity because of the 
rapid rate of population expansion over a short period of time (Amos and Hoffman 2010). From 
this it is clear that population census size is not a direct indicator of diversity (Frankham 1995).   
 The effective population size (Ne) is a mathematical concept that estimates the theoretical 
size a population would be were it an idealized statistical population. By doing so, Ne is 
proportional to the amount of genetic drift that a population has experienced (Wright 1931). Ne 
can be estimated using current levels of total genetic diversity and neutral mutation rates. Current 
population census size is often discordant with Ne. This is partly because Ne is sensitive to 
fluctuations in population size throughout history. For example, if a population experiences a 




have experienced stronger drift. Evaluating Ne together with historical biogeography provides 
evidence toward reconstructing an evolutionary account for each living species. These data are 
especially important for revealing the evolutionary histories of species with particularly 
depauparate fossil records, such as chimpanzees, bonobos and gibbons.  
 Of the great apes, orangutans are the most genetically diverse, with the Sumatran 
subspecies (Pongo pygmaeus abelii) more variable than Bornean (Pongo pygmaeus pygmaeus)	  
(Zhi et al. 1996; Muir et al. 2000; Warren et al. 2001; Zhang and Ryder 2001; Steiper 2006; Jalil 
et al. 2008; Hobolth et al. 2011). The current population census size of P. p. pygmaeus is 
~50,000 individuals, and only ~7,000 for P. p. abelii. Yet, estimates of the effective population 
sizes (Ne) are inconsistent with these absolute census sizes. A recent whole genome analysis 
estimated the Ne for P. p. pygmaeus at ~8,800, and ~37,700 for P. p. abelii (Locke et al. 2011) 
Genetic diversity within western and eastern gorilla species is lower than orangutans, and closer 
to estimates for Pan. The high Ne in Gorilla gorilla populations (~24,100) versus Gorilla 
beringei (~13,600) may be a relict of ancestral population sub-structuring (Clifford et al. 2004). 
If a population becomes discontinuous, groups may maintain separate reservoirs of diversity, 
which is retained should the groups resume gene flow. During the last 2 million years in Africa, 
glacial periods resulted in rain-forest fragmentation, which was then mitigated post glacially, 
when forest patches expanded and rejoined (Anthony et al. 2007). Within the genus Pan, genetic 
diversity is lowest in western chimpanzees (Pan troglodytes verus) and bonobos (Pan paniscus), 
higher in eastern chimpanzees (P.t. schweinfurthii) and highest in central chimpanzees (P.t. 
troglodytes) (Kaessmann et al. 1999; Chen and Li 2001; Stone et al. 2002; Fischer et al. 2004; 
Becquet et al. 2007). Accordingly, Ne  estimates from nuclear loci are highest in central 




(~8,750) chimpanzees and bonobos (~9,450) (Hey 2010).  
 Genetic diversity within hylobatids, although traditionally not as well studied as the great 
apes, has been recently estimated using nuclear autosomal markers (Kim et al. 2011; Chan et al. 
2013). Hylobatidae are the most species-rich family of the apes, with estimates between 13 and 
16 species (Groves 2001). They are comprised of four genera; Nomascus, Hylobates, Hoolock 
and Symphalangus. The phylogenetic relationships between genera and species are still in 
question (Thinh et al. 2010; Israfil et al. 2011; Kim et al. 2011; Meyer et al. 2012; Chan et al. 
2013; Wall et al. 2013). This is likely due to the rapid diversification of these taxa during the 
beginning of the Pleistocene, making phylogenetic resolution elusive even in analyses using 
many independent loci. Using the same loci as tests in other apes, the range of nucleotide 
diversity (π) within hylobatid species spans a wide range from Hylobates pileatus at 0.06 to H. 
mulleri at 0.44. The genus Hylobates is more genetically diverse than the genus Pongo, and 
estimates for Symphalangus are close to eastern chimpanzees and gorillas. Effective population 
sizes (Ne) for gibbons range from 37,500-117,500. Therefore, including Hylobatids in this study 
was a central part of testing the relationship between cranial and genetic diversity because they 
represent a uniquely broad range of genetic diversity among hominoids. 
 
LINKING HOMINOID GENETICS with CRANIAL MORPHOLOGY 
 As genetic data on the population histories of the apes has accumulated, the results have 
been referenced in studies of intraspecific cranial variation	  (Uchida 1998a; Uchida 1998b; 
Schmittbuhl et al. 2007; Jabbour 2008). These analyses use genetically defined populations as a 
guide to identify taxonomically informative craniodental characters for fossil analyses (Shea and 




species has not been formally tested against genetic patterns for evidence of neutrality. 
Intriguingly, it has recently been demonstrated that genetic and cranial distances between extant 
hominoid species are relatively congruent (von Cramon-Taubadel and Smith 2011). According to 
von Cramon-Taubadel and Smith (2011), the topology of a neighbor-joining tree built with 
molecular distances matches that built with morphological distances. This analysis adds another 
piece of evidence demonstrating that these two data types jointly reflect evolutionary history. 
However, there are a few important points to glean from this work. One is that the similarity of 
these phenetic trees does not rule out natural selection as a force shaping the differences in skull 
shape between species. Natural selection, together with stochastic forces, may have acted to drive 
the initial divergence in cranial form between species. Secondly, as the authors do point out, the 
trees are not entirely congruent. Humans cluster with hylobatids, probably because of sexual 
monomorphism in the crania and a relative lack of sub-nasal prognathism. Also, relative 
congruence of both trees does not suggest that these two systems are evolving at the same rate. 
Tree topology does not reflect time depth. The work of von Cramon-Taubadel and Smith (2011), 
and the majority of work quantifying skeletal variation in extant hominoids, does so from the 
perspective of elucidating variation in the hominin fossil record. Extant hominoids serve as one 
of our only windows into the dynamics of our own evolutionary past. With the accumulation of 
new fossil hominin material, the question of how much variation constitutes one fossil species is 
becoming increasingly relevant (Lordkipanidze et al. 2013). Genetics offers additional evidence 
as to how phenotype evolves in extant species, and this information is key in formulating 




 Given the intriguing result from the data here and the overwhelming strength of the 
relationship between genetic and morphological diversity in living hominoids, it is relevant to 
extrapolate these results to the hominin fossil record.  
 
Application of this Research to Questions in Paleoanthropology 
 Evidence from the analyses here, together with quantitative genetics analyses done in 
humans, supports the concept that population history is a key element in determining levels of 
skeletal diversity. This idea has existed in the morphological literature as an implied yet 
underexplored aspect of how skeletal diversity evolves (Kimbel and Martin 1993). For example, 
craniodental variation in living primate species has been studied extensively to explore patterns 
of geographic variation (Drenhaus 1975; Hull 1979; Thorington 1985; Cheverud and Moore 
1990; Albrect and Miller 1993). It has long been understood that skeletal traits vary over 
geographic space, in both living and extinct species. Accepting this pattern rests on three central 
explanations, which are often not made explicit in the morphological literature. Morphology 
within a species varies across space due to: 1) adaptation to local environments, 2) historical 
patterns of dispersal and differentiation and 3) patterns of gene flow. Although it is a challenge 
to tease apart these factors, patterns of gene flow and historical patterns of dispersal are 
accessible through population genetic data. Therefore, in addition to providing a descriptive 
analysis of geographic variation in morphology, one can more directly quantify the contribution 
of factors that underlie geographic variation through the historical sensitivity of genetic data. The 
empirical results presented here provide clear evidence of the evolutionary trend that aspects of 




skeletal morphology. How is this information directly applicable to clarifying species 
boundaries in the fossil record? 
Species are defined in the fossil record, in part, by comparing variation within fossil 
assemblages to morphological variation found in extant species, where taxonomy is better 
understood (Richmond and Jungers 1995; Wood and Lieberman 2001). One issue with this 
method is that morphological diversity varies greatly among the extant model species, even those 
closely related to one another (Ackermann 2002). Clearly, the choice of extant species model can 
dramatically influence results for the fossil sample. This problem has been recognized and it has 
been suggested that each living species offers a unique collection of biological variables, so the 
putative fossil species can be compared to more than one analog depending upon the research 
questions (Baab 2008; Harvati 2003; McNulty 2003). Aspects of the analog that may relate to the 
fossil sample are: phylogenetic proximity, ecological similarity, shared skeletal function and 
spatial or temporal equivalence. 
If, as this work suggests, population history shapes the magnitude of variation within a 
species, then choosing living analogs with comparable population histories to extinct species 
may help clarify fossil taxonomy. For example, chimpanzee subspecies may provide a more 
accurate model of fossil hominin diversity than modern Homo sapiens. Also, orangutan diversity 
may bear little resemblance to what we would expect to find in any fossil hominin because of the 
temporal depth and geographic parameters of their evolutionary history. Clearly, the hominin 
fossil record is incomplete, however it does retain geographic information to some degree. It is 
this geographic information that should compared to extant species when selecting appropriate 




 As more hominin fossils are continually discovered, there is a growing awareness that 
understanding intraspecific diversity is central to clarifying how our own species emerged. Even 
though many fossil hominin species are represented by only a few individuals, adopting a 
population perspective on diversity is an important aspect of interpreting the fossil material we 
do have. The fossil record introduces a temporal depth that is seemingly intractable using extant 
species as an ideal analog for diversity. However, in order to delineate fossil species using a 
biologically grounded framework, an operational procedure needs to be uniformly applied. It has 
been suggested that fossil species should be roughly comparable to living species in their 
magnitude of variation (Gingerich 1985; Delson 1997; Plavcan and Cope 2001). Two alternate 
scenarios could be clarified in the fossil record using extant diversity as a guide: fossil hominins 
from different time-scales but putatively the same species and fossil hominin assemblages from 
the same geological time period and locality. The first scenario is more complex, and therefore 
necessitates an intrinsically imperfect comparative solution. This is exemplified by a species 
such as Homo erectus, where a long evolutionary time period and extensive geographic range 
may make all living hominoids sub-optimal models for contextualizing this great diversity. 
Recent work on the earliest Homo erectus fossils outside of Africa, in Dmanisi the Republic of 
Georgia, underscores this issue. Lordkipanidze et al. (2013) found that diversity within five 
crania at the site exceeds that of modern humans and falls within the range of the genus Pan. 
This site clearly represents individuals of the same species that were living at the same time 
within a restricted geographic area. This work has received some criticism because the 
individuals sampled represent different developmental stages and different sexes. Therefore, age 
and sex variation may be inflating diversity beyond what is typically measured in other species. 




be expected in a species that presumably did not undergo the degree of population contraction 
and subsequent expansion as modern humans. It should be noted that Homo sapiens, despite their 
phylogenetic proximity to extinct hominins, are largely inadequate models of intraspecific 
skeletal diversity because of our extremely distinct population history.   
    Here I use effective population size (Ne) as a means of summarizing historical 
population history within each species. How can this metric inform fossil analyses? 
Importantly, effective population size (Ne) is the number of individuals in a theoretically ideal 
population with the same amount of drift as the actual population. Ne is sensitive to changes in 
the census population size over time. Therefore, fossil species demarcated via modern analog do 
not inherently mirror biological species, but groups with equivalent effective population sizes to 
modern species. This is not intrinsically problematic, but the above correlation can also be used 
to optimize efforts to model past diversity against living taxa. Furthermore, the correlation 
between Ne and pairwise Procrustes distance can serve as a predictive system for estimating the 
effective population size of fossil species with sufficient morphological specimens, but no 
genetic data. Inferring the effective population size of paleospecies could further refine our 
understanding of how population size and structure may have influenced diversity through 
evolutionary time. In Baab (2008), for example, cranial shape variation, measured by the sum of 
square Procrustes distance (SSD), of 13 H. erectus specimens was 0.46, similar to estimates for 
the genus Pan. Assuming a linear relationship between SSD and Ne, this predicts an effective 
population size of approximately 51,000 for H. erectus. A prior estimate for Ne of human 
ancestors before 0.9 to 1.5 million years ago is 18,500 (Huff et al. 2010). The authors point out 
that this value was surprisingly low especially for such a widespread species. The model shown 




where multiple contemporaneous samples are available, such as the archaic Homo specimens at 
the Sima de los Huesos in Atapuerca, Spain or the Australopithecus individuals at site AL333 in 
Hadar, Ethiopia. The relationship between effective population size and cranial shape variation 
creates opportunities for population genetic models to be explicitly applied to taxonomic 
hypotheses. This is a novel approach to address the relationship of fossil diversity and taxonomy, 
using microevolutionary methodology. 
 
Future Directions  
Several aspects of this study could be developed for future analyses. Firstly, genetic and 
morphological data, while roughly matched geographically, are not taken from the same 
individuals or populations. To address this in future studies, this relationship could be 
investigated at the population-level in a wild vertebrate population to determine if the strength of 
the correlation persists. For example, it would be optimal to study a species that exists both on a 
mainland and an island population, one that is well documented genetically and ecologically. In 
this case, biogeography and population history could serve as a more fine-scaled map onto 
morphological data. Again, these combined morphology and genetics approaches are routine in 
non-primate taxa and could be more readily implemented to probe this broad evolutionary 
question.  
  Cranial specimens from museum collections, while often used as a proxy for wild 
diversity, are a geographically and temporally biased collection and do not necessarily represent 
a matched analog for wild cranial diversity. This caveat is implicit in all studies that use museum 




understanding of the temporal, geographical and population biases in museum collections, 
enabled by genetic analyses of the skeletal specimens, could help clarify this issue.  
  Another approach to further pursue the basic question outlined here would be teasing out 
lack of morphological diversity that is due to drift, versus lack of diversity due to stabilizing 
selection. For example, it could be argued that in humans and bonobos, the low diversity in 
cranial data could be the result of stabilizing selection on cranial form, rather than drift limiting 
diversity. Given that the remainder of the taxa here fit the model of increasing genetic and 
cranial diversity, this is somewhat unlikely. Although, the issue of distinguishing drift versus 
selection is central to many evolutionary questions, both molecular and skeletal, and warrants 
deeper quantitative exploration. Additionally, PPD measures overall distance averaged across all 
landmarks, but not all species vary in the same way. For example, even if we accept that drift 
and mutation may be influencing both data types we still do not expect it to influence cranial 
form in a uniform way across all species. The nature of drift and mutation is stochastic and 
therefore the skeletal signature of it may not influence the same set of loci or cranial regions.  
 It is possible that the particular group of 12 taxa used in this study show a trend but with 
the addition of more taxa, the strength of the relationship would shift. The addition of more 
primate, mammal or vertebrate taxa would address this. Heritability in cranial regions, and 
therefore their response to selection, between closely related species is comparable, but we may 
expect this to vary in other, more phylogenetically distant species.   
 Crucial to making any inferences about natural selection is first testing whether neutral 
evolutionary pressures (i.e. drift, migration or mutation) have played a strong role in shaping 
variation. This neutralist-selectionist debate is a long-standing evolutionary conundrum that has 




show that stochastic processes, such as drift, are important in shaping human cranial diversity. 
This is a surprising finding, given the myriad developmental and adaptive pressures that 
influence skull morphology. This project demonstrates that other primates also follow this broad 
pattern. This project is unique because it integrates hominoid population genetics with the study 
of skeletal variation. The goal here was move beyond morphological and molecular data as 
seemingly opposed data-types and instead, unravel how both are the result of a unified 

























CAT# Inst TAXON SEX LOCALITY 
143602 NMNH Pongo pygmaeus abelii Female Aru Bay, East Sumatra 
270807 NMNH Pongo pygmaeus abelii Female Atjeh Districts, Sumatra 
267325 NMNH Pongo pygmaeus abelii Male Adji, Kuala Simpang, Sumatra 
143590 NMNH Pongo pygmaeus abelii Male Aru Bay, East Sumatra;  
143593 NMNH Pongo pygmaeus abelii Male Aru Bay, East Sumatra;  
83504 HUM Pongo pygmaeus abelii Female Sumatra; 
83507 HUM Pongo pygmaeus abelii Female Sumatra (north?): Soekaranda, (Lankat) 
67173 HUM Pongo pygmaeus abelii Female Sumatra 
83502 HUM Pongo pygmaeus abelii Female Sumatra 
83506 HUM Pongo pygmaeus abelii Male Sumatra 
83503 HUM Pongo pygmaeus abelii Male Sumatra 
12209 HUM Pongo pygmaeus abelii Male Sumatra: Langkat; 
ad 6420 HUM Pongo pygmaeus abelii Male Sumatra (north?): Soekaranda; 
50960 MCZ Pongo pygmaeus abelii Male Sumatra: Sempang (R?), 2 days upriver from Ianala; 
37517 MCZ Pongo pygmaeus abelii Male Sumatra (N): Kabandsahe; 
37516 MCZ Pongo pygmaeus abelii Male Sumatra (N): Kabandsahe; 
37519 MCZ Pongo pygmaeus abelii Female Sumatra (N): Kabandsahe; 
142170 NMNH Pongo pygmaeus pygmaeus Female Sungai Sama, West Borneo;  
142169 NMNH Pongo pygmaeus pygmaeus Female Sungai Sama, West Borneo;  
142186 NMNH Pongo pygmaeus pygmaeus Female Sakaiam River, Sanggau district, West Borneo 
142185 NMNH Pongo pygmaeus pygmaeus Female Sakaiam River, West Borneo 
142187 NMNH Pongo pygmaeus pygmaeus Female Sakaiam River, West Borneo 
142181 NMNH Pongo pygmaeus pygmaeus Female Sakaiam River, West Borneo 
142193 NMNH Pongo pygmaeus pygmaeus Female Sakaiam River, West Borneo 
142190 NMNH Pongo pygmaeus pygmaeus Female Sakaiam River, West Borneo 
145309 NMNH Pongo pygmaeus pygmaeus Female Stempang River, West Borneo 
145308 NMNH Pongo pygmaeus pygmaeus Female Stempang River; West Borneo 
145306 NMNH Pongo pygmaeus pygmaeus Female Stempang River, Sungei Maton, West Borneo;  
153282 NMNH Pongo pygmaeus pygmaeus Female S.W. Borneo: Mambuluh River 
197664 NMNH Pongo pygmaeus pygmaeus Female Borneo: Sungai Menganne; 
153830 NMNH Pongo pygmaeus pygmaeus Female S.W. Borneo: Mambuluh River 
145302 NMNH Pongo pygmaeus pygmaeus Female W. Borneo: Sakaiam River: 
145300 NMNH Pongo pygmaeus pygmaeus Female W. Borneo: Sampang River 
153805 NMNH Pongo pygmaeus pygmaeus Female S.W. Borneo: Batu Jurond; 
153822 NMNH Pongo pygmaeus pygmaeus Female S.W. Borneo: Kendawangan River 
50958 MCZ Pongo pygmaeus pygmaeus Female Borneo: Kinabatangan River, Abai 
37363 MCZ Pongo pygmaeus pygmaeus Female Borneo: Kinabatangan River, Abai; 
143188 NMNH Pongo pygmaeus pygmaeus Male Sakaiam River, West Borneo 
142189 NMNH Pongo pygmaeus pygmaeus Male Sakaiam River, West Borneo;  
145304 NMNH Pongo pygmaeus pygmaeus Male Stempang River, West Borneo 
145305 NMNH Pongo pygmaeus pygmaeus Male Sungei Maton, Borneo; premax sutures obscured 
153827 NMNH Pongo pygmaeus pygmaeus Male S.W. Borneo: Mambuluh River 
142197 NMNH Pongo pygmaeus pygmaeus Male W. Borneo: Sakaiam River 
142196 NMNH Pongo pygmaeus pygmaeus Male W. Borneo: Sakaiam River;  




142198 NMNH Pongo pygmaeus pygmaeus Male W. Borneo: Sakaiam River 
153806 NMNH Pongo pygmaeus pygmaeus Male S.W. Borneo: Kendawangan River;  
145319 NMNH Pongo pygmaeus pygmaeus Male W. Borneo: Sempang River; 
145318 NMNH Pongo pygmaeus pygmaeus Male W. Borneo: Sempang River; 
153823 NMNH Pongo pygmaeus pygmaeus Male S.W. Borneo: Kendawangan River; 
37362 MCZ Pongo pygmaeus pygmaeus Male Borneo: Kinabatangan River, Abai; 
5061 MCZ Pongo pygmaeus pygmaeus Male Borneo 
89354 AMNH Pan troglodytes verus Female no tag 
89351 AMNH Pan troglodytes verus Female no tag 
N/7002 Peabody Pan troglodytes verus Female Liberia: Ganta mission, Monrovia; 
N/7003 Peabody Pan troglodytes verus Female Liberia: Ganta mission, Monrovia; 
N/7004 Peabody Pan troglodytes verus Female Liberia: Ganta mission, Monrovia; 
N/7017 Peabody Pan troglodytes verus Female Liberia: Ganta mission, Monrovia; 
N/7012 Peabody Pan troglodytes verus Female Liberia: Ganta mission, Monrovia; 
N/7032 Peabody Pan troglodytes verus Female Liberia: Ganta mission, Monrovia; 
N/7026 Peabody Pan troglodytes verus Female Liberia: Ganta mission, Monrovia; 
N/7036 Peabody Pan troglodytes verus Female Liberia: Ganta mission, Monrovia; 
N/7037 Peabody Pan troglodytes verus Female Liberia: Ganta mission, Monrovia; 
N/7047 Peabody Pan troglodytes verus Female Liberia: Ganta mission, Monrovia; 
89407 AMNH Pan troglodytes verus Male no tag 
89355 AMNH Pan troglodytes verus Male no tag 
89353 AMNH Pan troglodytes verus Male Ivory Coast: Durkoue;  
89406 AMNH Pan troglodytes verus Male no tag 
N/7006 Peabody Pan troglodytes verus Male Liberia: Ganta mission, Monrovia; 
N/7024 Peabody Pan troglodytes verus Male Liberia: Ganta mission, Monrovia; 
N/7023 Peabody Pan troglodytes verus Male Liberia: Ganta mission, Monrovia; 
N/7022 Peabody Pan troglodytes verus Male Liberia: Ganta mission, Monrovia; 
N/7030 Peabody Pan troglodytes verus Male Liberia: Ganta mission, Monrovia; 
N/7040 Peabody Pan troglodytes verus Male Liberia: Ganta mission, Monrovia; 
167343 AMNH Pan troglodytes troglodytes Female French Cameroons 
90292 AMNH Pan troglodytes troglodytes Female Cameroon: Metet 
174860 AMNH Pan troglodytes troglodytes Female No Tag 
201469 AMNH Pan troglodytes troglodytes Female French Cameroon: Lomie;  
90293 AMNH Pan troglodytes troglodytes Female No Tag 
176226 NMNH Pan troglodytes troglodytes Female West Africa: Southern Kamerun; 
176229 NMNH Pan troglodytes troglodytes Female West Africa: SOuthern Kamerun; 
M.171 PCM Pan troglodytes troglodytes Female Cameroons: between Batouri & Lomie;  
M.13 PCM Pan troglodytes troglodytes Female Cameroons: between Batouri & Lomie;  
M. 169 PCM Pan troglodytes troglodytes Female Cameroons: Lelo Village, Batouri District 
M.105 PCM Pan troglodytes troglodytes Female Cameroons: between Batouri & Lomie;  
M.155 PCM Pan troglodytes troglodytes Female Cameroons: between Batouri & Lomie;  
M.184 PCM Pan troglodytes troglodytes Female Cameroons: Obala Village, Batouri District;  
M.78 PCM Pan troglodytes troglodytes Female Cameroons: between Batouri & Lomie;  
M.186 PCM Pan troglodytes troglodytes Female Cameroons: Obala Village, Batouri District;  
M.234 PCM Pan troglodytes troglodytes Female Cameroons: Ndokofass, NE of Yabassi;  
M.148 PCM Pan troglodytes troglodytes Female Cameroons: between Batouri & Lomie;  
M.86 PCM Pan troglodytes troglodytes Female Cameroons: between Batouri & Lomie;  
M.181 PCM Pan troglodytes troglodytes Female Cameroons: Lelo Village, Batouri District;  
M.172 PCM Pan troglodytes troglodytes Female Cameroons: between Batouri & Lomie; 
M.158 PCM Pan troglodytes troglodytes Female Cameroons: between Batouri & Lomie;  




M.02 PCM Pan troglodytes troglodytes Female Cameroons: Batouri District;  
M.134 PCM Pan troglodytes troglodytes Female Cameroons: Bimba, Batouri District;  
M.249 PCM Pan troglodytes troglodytes Female Cameroons: Obala Village, Batouri District;  
M.299 PCM Pan troglodytes troglodytes Female Cameroons: Obala Village, Batouri District;  
M.352 PCM Pan troglodytes troglodytes Female Cameroons: Meyoss Village, Batouri District;  
M.348 PCM Pan troglodytes troglodytes Female Cameroons: Mamalo Village, Batouri District;  
M.254 PCM Pan troglodytes troglodytes Female Cameroons: Obala Village, Batouri District;  
M.279 PCM Pan troglodytes troglodytes Female Cameroons: Yabassi District;  
M.450 PCM Pan troglodytes troglodytes Female Cameroons: Obala Village, Batouri District;  
M.425 PCM Pan troglodytes troglodytes Female Cameroons: Meyoss Village, Batouri District;  
M.449 PCM Pan troglodytes troglodytes Female Cameroons: Obala Village, Batouri District;  
M.277 PCM Pan troglodytes troglodytes Female Cameroons: Yabassi District;  
M.424 PCM Pan troglodytes troglodytes Female Cameroons: Meyoss Village, Batouri District;  
M.664 PCM Pan troglodytes troglodytes Female Cameroons: Obala Village, Batouri District;  
M.576 PCM Pan troglodytes troglodytes Female Cameroons: Lelo Village, Batouri Districtl  
M.506 PCM Pan troglodytes troglodytes Female Cameroons: Lomie District;  
M.650 PCM Pan troglodytes troglodytes Female Cameroons: Obala Village, Batouri District;  
M.506 PCM Pan troglodytes troglodytes Female Cameroons: Obala Village, Batouri District 
M.702 PCM Pan troglodytes troglodytes Female Cameroons: Obala Village, Batouri District;  
M.501 PCM Pan troglodytes troglodytes Female Cameroons: Obala Village, Batouri District;  
M.504 PCM Pan troglodytes troglodytes Female Cameroons: Obala Village, Batouri District;  
M.491 PCM Pan troglodytes troglodytes Female Cameroons: Lelo Village, Batouri Districtl  
174699 NMNH Pan troglodytes troglodytes Female French Congo: Lake Fernan Vaz. 
174707 NMNH Pan troglodytes troglodytes Female French Congo (Gabon?); 
220063 NMNH Pan troglodytes troglodytes Female French Congo (Gabon?): Animba; 
84655 NMNH Pan troglodytes troglodytes Female no info 
174701 NMNH Pan trogodytes troglodytes Female French Congo (Gabon) 
167346 AMNH Pan troglodytes troglodytes Male French Cameroons 
167341 AMNH Pan troglodytes troglodytes Male French Cameroons 
167342 AMNH Pan troglodytes troglodytes Male French Cameroons 
90189 AMNH Pan troglodytes troglodytes Male West Africa 
174861 AMNH Pan troglodytes troglodytes Male Sp. Guinea: N'sork 
167344 AMNH Pan troglodytes troglodytes Male No Tag 
119770 AMNH Pan troglodytes troglodytes Male French Equatorial Africa: Kango;  
183130 AMNH Pan troglodytes troglodytes Male S.E. Cameroons: Youkadouma;  
176238 NMNH Pan troglodytes troglodytes Male West Africa: Southern Kamerun;  
176228 NMNH Pan troglodytes trolodytes Male West Africa: Southern Kamerun; 
M.144 PCM Pan troglodytes troglodytes Male Cameroons: between Batouri and Lomie 
M.440 PCM Pan troglodytes troglodytes Male Cameroons: Obala Village, Batouri District;  
M.254 PCM Pan troglodytes troglodytes Male Cameroons: Lomie District;  
M.272 PCM Pan troglodytes troglodytes Male Cameroons: Ndinga Village, Batouri District;  
M.984 PCM Pan troglodytes troglodytes Male Cameroons: Meyoss Village, Batouri District;  
M.724 PCM Pan troglodytes troglodytes Male Cameroons: Obala Village, Batouri District;  
M.988 PCM Pan troglodytes troglodytes Male Cameroons: Meyoss Village, Batouri District;  
M.712 PCM Pan troglodytes troglodytes Male Cameroons: Obala Village, Batouri District;  
CAM.236 PCM Pan troglodytes troglodytes Male Cameroons: near Yaounde; 
CAM.II.62 PCM Pan troglodytes troglodytes Male Cameroons: Dehane;  
CAM.219 PCM Pan troglodytes troglodytes Male Cameroons: S. of Yaounde;  
CAM.200 PCM Pan troglodytes troglodytes Male Cameroons: S. of Yaounde;  
CAM.206 PCM Pan troglodytes troglodytes Male Cameroons: S. of Yaounde;  




174704 NMNH Pan troglodytes troglodytes Male Gabon (French Congo): Lake Nkami; 
220065 NMNH Pan troglodytes troglodytes Male Gabon: Mperi, Fernan Vaz.; 
51205 AMNH Pan troglodytes schweinfurthii Female no tag 
51204 AMNH Pan troglodytes schweinfurthii Male Zaire: Faradje 
51381 AMNH Pan troglodytes schweinfurthii Male Congo: Akenge 
51278 AMNH Pan troglodytes schweinfurthii Male Congo: Akenge 
51377 AMNH Pan troglodytes schweinfurthii Male ??? 
220062 NMNH Pan troglodytes schweinfurthii Female Alboona 
236971 NMNH Pan troglodytes schweinfurthii Female Uganda: Budongo Forest;  
C.259 PCM Pan troglodytes schweinfurthii Male Congo: Makala-Avakubi Road, Ituri Forest;  
51379 AMNH Pan troglodytes schweinfurthii Male Zaire: Faradje 
51202 AMNH Pan troglodytes schweinfurthii Male Zaire: Medje 
51209 AMNH Pan troglodytes schweinfurthii Male Zaire: Medje 
R.G.9338 TER Pan paniscus Female Belgian Congo:30 Km environs Sud Befale 
R.G.15296 TER Pan paniscus Female 
Belgian Congo: Stanleyville, 25km S. terr (rive 
gauche) 
R.G. 13201 TER Pan paniscus Female Belgian Congo: Lingomo (Ikela), alt: env. 350m 
R.G. 11351 TER Pan paniscus Female 
Belgian Congo: Basankusu, chefferie Poma. terr. des 
Gombe du Lopori 
R.G. 26963 TER Pan paniscus Female Belgian Congo: Bengamisa (terr. Banalia) 
R.G. 26945 TER Pan paniscus Female Belgian Congo: Banalia 
20882 TER Pan paniscus Female Belgian Congo: Botanankasa 
R.G. 21697 TER Pan paniscus Female Belgian Congo; Zoo specimen? 
R.G. 26989 TER Pan paniscus Female Belgian Congo: Ponthierville; 
R.G. 26991 TER Pan paniscus Female Belgian Congo: Ponthierville; 
R.G. 27012 TER Pan paniscus Female Belgian Congo: Ponthierville; 
R.G. 27002 TER Pan paniscus Female Belgian Congo: Ponthierville; 
R.G. 29034 TER Pan paniscus Female Belgian Congo: no info; 
R.G. 27698 TER Pan paniscus Female terr. Ponthierville (rive gauche du Congo); 
R.G. 29042 TER Pan paniscus Female 
Belgian Congo: Wasamba (35km E. de Balangala, 
terr. Basankusu) 
R.G. 29045 TER Pan paniscus Female Belgian Congo: Dongo, 15km SE de Yahuma 
R.G. 29040 TER Pan paniscus Female 
Belgian Congo: Wamba (35km E. de Balangala, terr. 
Basankusu); 
R.G. 29060 TER Pan paniscus Female Belgian Congo: Dongo, Oshwe 50km S de Dekese;  
R.G. 29065 TER Pan paniscus Female Belgian Congo: Djeka, terr. Katako Kombe 
88041 M3 TER Pan paniscus Female Zaire: Babusoko 
84036.1 TER Pan paniscus Female Belgian Congo 
R.G.888 TER Pan paniscus Male Belgian Congo: Kasai (district du); 
R.G.15294 TER Pan paniscus Male 
Belgian Congo: Stanleyville, 25km S. terr (rive 
gauche) 
R.G.15295 TER Pan paniscus Male 
Belgian Congo: Stanleyville, 25km S. terr (rive 
gauche) 
R.G. 11353 TER Pan paniscus Male 
Belgian Congo: Chefferie Baolongo, terr., 
Bangandanga, rive gauche Lopori 
R.G. 11149 TER Pan paniscus Male Belgian Congo: Djolu (Lulonga) 
R.G. 26960 TER Pan paniscus Male Belgian Congo: Bengamisa (terr. Banalia) 
R.G. 26939 TER Pan paniscus Male Belgian Congo: Banalia; 
R.G. 27005 TER Pan paniscus Male Belgian Congo: Ponthierville; 
R.G. 29037 TER Pan paniscus Male Belgian Congo: no info; 
R.G. 29036 TER Pan paniscus male Belgian Congo: no info; 
R.G. 27699 TER Pan paniscus Male 
Belgian Congo: terr. Ponthierville (rive gauche du 
Congo) 
R.G. 28712 TER Pan paniscus Male Belgian Congo 
R.G. 29052 TER Pan paniscus Male 





R.G. 29050 TER Pan paniscus Male Belgian Congo: Route Stanleyville, Yateloma 50km 
84036.09 TER Pan paniscus Male Belgian Congo 
38020 MCZ Pan paniscus Male D.R. Congo: Stanleyville 
38018 MCZ Pan paniscus male D.R. Congo: 25 km S ofStanleyville 
88041 M13 TER Pan paniscus Unknown Zaire: Babusoko 
88041 M10 TER Pan paniscus Unknown Zaire: Babusoko 
88041 M12 TER Pan paniscus Unknown Zaire: Babusoko 
201472 AMNH Gorilla gorilla gorilla Female No tag 
81652 AMNH Gorilla gorilla gorilla Female Fr. Congo: Nola 
54356 AMNH Gorilla gorilla gorilla Female Cameroon 
167340 AMNH Gorilla gorilla gorilla Female Fr. Cameroons 
167337 AMNH Gorilla gorilla gorilla Female no tag 
54327 AMNH Gorilla gorilla gorilla Female Cameroon: Ebole Bangon 
252582 NMNH Gorilla gorilla gorilla Female French Congo 
252579 NMNH Gorilla gorilla gorilla Female French Congo: Soho; Sangha 
252577 NMNH Gorilla gorilla gorilla Female no info 
M.11 PCM Gorilla gorilla gorilla Female Cameroons: between Batouri & Lomie;  
M.03 PCM Gorilla gorilla gorilla Female Cameroons: Bimba, Batouri District; 
M.II.2 PCM Gorilla gorilla gorilla Female Cameroons: S. of Yaounde;  
M.150 PCM Gorilla gorilla gorilla Female Cameroons: between Batouri & Lomie;  
M.96 PCM Gorilla gorilla gorilla Female Cameroons: between Batouri & Lomie;  
M.138 PCM Gorilla gorilla gorilla Female Cameroons: between Batouri & Lomie;  
M.58 PCM Gorilla gorilla gorilla Female Cameroons: between Batouri & Lomie;  
M.136 PCM Gorilla gorilla gorilla Female Cameroons: between Batouri & Lomie;  
M.139 PCM Gorilla gorilla gorilla Female Cameroons: between Batouri & Lomie; 
M.89 PCM Gorilla gorilla gorilla Female Cameroons: between Batouri & Lomie; 
M.256 PCM Gorilla gorilla gorilla Female Cameroons: Kanyol, Batouri District;  
M.177 PCM Gorilla gorilla gorilla Female Cameroons: between Batouri & Lomie;  
M.174 PCM Gorilla gorilla gorilla Female Cameroons: between Batouri & Lomie;  
46325 MCZ Gorilla gorilla gorilla Female no data 
29047 MCZ Gorilla gorilla goilla Female Cameroon: 1mi from Eboleura; 
26850 MCZ Gorilla gorilla gorilla Female Cameroon: Sakbayeme; 
17684 MCZ Gorilla gorilla gorilla Female Cameroon: Metet; 
14750 MCZ Gorilla gorilla gorilla Female Cameroon: Nellafup. 
37264 MCZ Gorilla gorilla gorilla Female Cameroon: Metet 
38326 MCZ Gorilla gorilla gorilla Female Cameroon: Metet; 
214115 AMNH Gorilla gorilla gorilla  Male Fr. Congo: village of Oka, west of Okio; 
214107 AMNH Gorilla gorilla goilla Male Fr. Congo: village of Oka, west of Okio;  
214114 AMNH Gorilla gorilla gorilla Male Fr. Congo: village of Oka, west of Okio;  
214109 AMNH Gorilla gorilla gorilla Male Fr. Congo: village of Oka, west of Okio;  
214113 AMNH Gorilla gorilla gorilla Male Fr. Congo: village of Oka, west of Okio;  
69398 AMNH Gorilla gorilla gorilla Male ? 
214116 AMNH Gorilla gorilla gorilla Male Fr. Congo: village of Oka, west of Okio;  
201471 AMNH Gorilla gorilla gorilla Male Fr. Cameroons: Sangmelima;  
200506 AMNH Gorilla gorilla gorilla Male Congo: Quesso region 
200504 AMNm Gorilla gorilla gorilla Male Congo: Quesso Region 
200508 AMNH Gorilla gorilla gorilla Male Congo: Quesso region 
200502 AMNH Gorilla gorilla gorilla Male Congo: Quesso region 
200503 AMNH Gorilla gorilla gorilla Male Congo: Quesso region 
200505 AMNH Gorilla gorilla gorilla Male Congo: Quesso region 




167326 AMNH Gorilla gorilla gorilla Male no tag 
54355 AMNH Gorilla gorilla gorilla Male Cameroon 
167329 AMNH Gorilla gorilla gorilla Male French Cameroons 
167332 AMNH Gorilla gorilla gorilla Male French Cameroons 
167334 AMNH Gorilla gorilla gorilla Male French Cameroons 
167338 AMNH Goilla gorilla gorilla Male Fr. Cameroons 
90194 AMNH Gorilla gorilla gorilla Male Cameroon: Div. Moloundou, N'Guilili;  
90290 AMNH Gorilla gorilla gorilla Male Cameroon: Metet 
145600 AMNH Gorilla gorilla gorilla Male no data 
176210 NMNH Gorilla gorilla gorilla Male West Africa: Southern Kamerun; 
176217 NMNH Gorilla gorilla gorilla Male West Africa: Southern Kamerun 
176216 NMNH Gorilla gorilla gorilla Male West Africa: Southern Kamerun;  
176211 NMNH Gorilla gorilla gorilla Male West Africa: Southern Kamerun;  
176209 NMNH Gorilla gorilla gorilla Male West Africa: Southern Kamerun; 
176222 NMNH Gorilla gorilla gorilla Male West AFrica: Southern Kamerun;  
176224 NMNH Gorilla gorilla gorilla Male West Africa: Southern Kamerun;  
176220 NMNH Gorilla gorilla gorilla Male West Africa: Southern Kamerun; 
220324 NMNH Gorilla gorilla gorilla Male French Congo: Moamba Sanga, Ngovi; 
174718 NMNH Gorilla gorilla gorilla Male French Congo 
174717 NMNH Gorilla gorilla gorilla Male Frenh Congo 
174714 NMNH Gorilla gorilla gorilla Male French Congo: Lake Ferran Vaz. 
174712 NMNH Gorilla gorilla gorilla Male French Congo: Lake Ferran Vaz. 
174716 NMNH Gorilla gorilla gorilla Male FrenchCongo 
174715 NMNH Gorilla gorilla gorilla Male French Congo 
297857 NMNH Gorilla gorilla gorilla Male no info 
174722 NMNH Gorilla gorilla gorilla Male French Congo 
38557 HUM Hylobates agilis unko Female Sumatra: Pelawi; 
38556 HUM Hylobates agilis unko Female Sumatra: Pelawi; 
38561 HUM Hylobates agilis unko Female Sumatra: Pelawi; 
85368 HUM Hylobates agilis unko Male Sumatra: Pasir Pengerayan 
85367 HUM Hylobates agilis unko Male Sumatra: Danau Handjang; 
38566 HUM Hylobates agilis unko Male Sumatra: Pelawi; 
38565 HUM Hylobates agilis unko Male Sumatra: Rawas; 
85365 HUM Hylobates agilis unko Male Sumatra: Telok Betong; 
38564 HUM Hylobates agilis unko Male Sumatra (west); 
38563 HUM Hylobates agilis unko Male Sumatra: Palembang; 
85378 HUM Hylobates agilis unko Unknown Sumatra: Paoh; 
38568 HUM Hylobates agilis unko Unknown Sumatra: Laut Kawas Battak; 
81046 HUM Hylobates agilis unko Unknown Sumatra: Sockaranda; 
VL/5056Dup AMNH-a Homo sapiens sapiens Female Hungary: Keszo-Hidegkut 
VL/5051 AMNH-a Homo sapiens sapiens Female Hungary: Keszo-Hidegkut 
VL/5053 AMNH-a Homo sapiens sapiens Female Hungary: Keszo-Hidegkut 
VL/5053Dup AMNH-a Homo sapiens sapiens Female Hungary: Keszo-Hidegkut 
VL/5058Dup AMNH-a Homo sapiens sapiens Female Hungary: Keszo-Hidegkut 
VL/5057Dup AMNH-a Homo sapiens sapiens Female Hungary: Keszo-Hidegkut 
VL/5061Dup AMNH-a Homo sapiens sapiens Female Hungary: Keszo-Hidegkut 
VL/5061 AMNH-a Homo sapiens sapiens Female Hungary: Keszo-Hidegkut 
VL/5063Dup AMNH-a Homo sapiens sapiens Female Hungary: Keszo-Hidegkut 
VL/203 AMNH-a Homo sapiens sapiens Female West Africa: Calabar 
VL/206 AMNH-a Homo sapiens sapiens Female West Africa: Calabar 




VL/350 AMNH-a Homo sapiens sapiens Female West Africa: Calabar 
VL/442 AMNH-a Homo sapiens sapiens Female West Africa: Calabar 
VL/443 AMNH-a Homo sapiens sapiens Female West Africa: Calabar 
VL/444 AMNH-a Homo sapiens sapiens Female West Africa: Calabar 
VL/445 AMNH-a Homo sapiens sapiens Female West Africa: Calabar 
VL/455 AMNH-a Homo sapiens sapiens Female West Africa: Calabar 
VL/5054Dup AMNH-a Homo sapiens sapiens Male Hungary: Keszo-Hidegkut 
VL/5055Dup AMNH-a Homo sapiens sapiens Male Hungary: Keszo-Hidegkut 
VL/5056 AMNH-a Homo sapiens sapiens Male Hungary: Keszo-Hidegkut 
VL/5052 AMNH-a Homo sapiens sapiens Male Hungary: Keszo-Hidegkut 
VL/5052Dup AMNH-a Homo sapiens sapiens Male Hungary: Keszo-Hidegkut 
VL/5058 AMNH-a Homo sapiens sapiens Male Hungary: Keszo-Hidegkut 
VL/5063 AMNH-a Homo sapiens sapiens Male Hungary: Keszo-Hidegkut 
VL/5068 AMNH-a Homo sapiens sapiens Male Hungary: Keszo-Hidegkut 
VL/5070 AMNH-a Homo sapiens sapiens Male Hungary: Keszo-Hidegkut 
VL/5070Dup AMNH-a Homo sapiens sapiens Male Hungary: Keszo-Hidegkut 
VL/205 AMNH-a Homo sapiens sapiens Male West Africa: Calabar 
VL/204 AMNH-a Homo sapiens sapiens Male West Africa: Calabar 
VL/202 AMNH-a Homo sapiens sapiens Male West Africa: Calabar 
VL/81 AMNH-a Homo sapiens sapiens Male West Africa: Calabar 
VL/349 AMNH-a Homo sapiens sapiens Male West Africa: Calabar 
VL/351 AMNH-a Homo sapiens sapiens Male West Africa: Calabar 
VL/405 AMNH-a Homo sapiens sapiens Male West Africa: Calabar 
VL/401 AMNH-a Homo sapiens sapiens Male West Africa: Calabar 
VL/402 AMNH-a Homo sapiens sapiens Male West Africa: Calabar 
VL/999 AMNH-a Homo sapiens sapiens Male West Africa: Calabar 
103348 AMNH Hylobates klossii Female Mentawi Islands North Pagi 
103347 AMNH Hylobates klossii Female Mentawi Islands North Pagi 
103252 AMNH Hylobates klossii Female Mentawi Islands North Pagi 
103248 AMNH Hylobates klossii Female Mentawi Islands North Pagi 
103246 AMNH Hylobates klossii Female Mentawi Islands North Pagi 
103244 AMNH Hylobates klossii Female Mentawi Islands North Pagi 
121685 NMNH Hylobates klossii Female S. Pagi Island 
252307 NMNH Hylobates klossii Female Indonesia: Sumatra: Sipora Island 
252310 NMNH Hylobates klossii Female Indonesia: Sumatra, Siberut Island 
A49657 NMNH Hylobates klossii Female 
Indonesia: Sumatra: Sumatra Barat Province, 
Mentawi Islands, S Pagi 
103352 AMNH Hylobates klossii Male Mentawi Islands North Pagi 
103350 AMNH Hylobates klossii Male Mentawi Islands North Pagi 
103349 AMNH Hylobates klossii Male Mentawi Islands North Pagi 
103344 AMNH Hylobates klossii Male Mentawi Islands North Pagi 
103249 AMNH Hylobates klossii Male Mentawi Islands North Pagi 
103247 AMNH Hylobates klossii Male Mentawi Islands North Pagi 
12.2.2.1 NHM Hylobates klossii Male N. Pagi Island, W.Coast. Sumatra 
2292 NCBN Hylobates klossii Male N. Pagai Mentawi-I.Sumatra 
121674 NMNH Hylobates klossii Male 
Indonesia: Sumatra: Sumatra Barat Province, 
Mentawi Islands, S Pagi 
121679 NMNH Hylobates klossii Male 
Indonesia: Sumatra: Sumatra Barat Province, 
Mentawi Islands, S Pagi 
A49656 NMNH Hylobates klossii Male 
Indonesia: Sumatra: Sumatra Barat Province, 
Mentawi Islands, S Pagi 
1064 NCBN Hylobates moloch Female Java, Indonesia 




2104 NCBN Hylobates moloch Female Java, Indonesia 
4622 NCBN Hylobates moloch Female Java, Indonesia 
34322 NCBN Hylobates moloch Female Mt. Slamet, Kalikidang, Java, Indonesia 
156471 NMNH Hylobates moloch Female Indonesia:Java, Tamandjaija 
1037 NCBN Hylobates moloch Male Java, Indonesia 
1063 NCBN Hylobates moloch Male Java, Indonesia 
1909.1.5.1 NHM Hylobates moloch Male Tji Wangie, Java 
1938.11.30.1 NHM Hylobates moloch Male Salak, West Java 
4621 NCBN Hylobates moloch Male Java, Indonesia 
42095 NCBN Hylobates moloch Male Java, Indonesia 
54.5 NHM Hylobates moloch Male Tjiboclas, Gedeh, West Java 
5784 NCBN Hylobates moloch Male Zoological Museum Amsterdam, 1939 
1845.4.2.1 NHM Hylobates moloch Male Malacca 
102190 AMNH Symphalangus syndactylus Female S. Sumatra: Boekit Doeloe 
102188 AMNH Symphalangus syndactylus Female S. Sumatra: Boekit Doeloe 
106584 AMNH Symphalangus syndactylus Female Sumatra, Boekit Sanggoel, Benkoelen 
1920.1.26.2 NHM Symphalangus syndactylus Female c.Lubukraman, 3deg29'S104deg08'E 
106581 AMNH Symphalangus syndactylus Male Sumatra, Goenoeng Dempo 
102463 AMNH Symphalangus syndactylus Male Sumatra, Loeboeck-Linggan Plains 
1920.1.26.1 NHM Symphalangus syndactylus Male e. Lubukraman, 3deg29'S104deg08'E 
106583 AMNH Symphalangus syndactylus Female Sumatra, Boekit Sanggoel, Benkoelen 
102721 AMNH Symphalangus syndactylus Female Sumatra, Palembang, Macarah Doewa 
102195 AMNH Symphalangus syndactylus Female Sumatra: Loebock Linggan 
19.11.12.3 NHM Symphalangus syndactylus Female Surjei Kulentag,Sumatra 
1938.11.30.5 NHM Symphalangus syndactylus Female Siantar, N.E. Sumatra,3N,99E(app) 
2332 NCBN Symphalangus syndactylus Female NA 
4619 NCBN Symphalangus syndactylus Female Palembang, Sumatera Selatan, Indonesia 
5790 NCBN Symphalangus syndactylus Female Deli, profestation 
14279 NCBN Symphalangus syndactylus Female Siantar, Deli, Sumatra 
42171 NCBN Symphalangus syndactylus Female Sumatra, Indonesia 
42172 NCBN Symphalangus syndactylus Female Sumatra, Indonesia, 24 Feb 1880 
42179 NCBN Symphalangus syndactylus Female 
NW slope Mt. Talaman, Ophir District, Sumatra 
Indonesia. May 19, 1917 
42182 NCBN Symphalangus syndactylus Female Sumatra, Indonesia 
114497 NMNH Symphalangus syndactylus Female Indonesia: Sumatra, Tapanuli Bay 
271048 NMNH Symphalangus syndactylus Female Indonesia: Sumatra, Atjeh Gunong Shaitan 
519573 NMNH Symphalangus syndactylus Female Locality unknown 
102728 AMNH Symphalangus syndactylus Male Sumatra: Moeara Doewa 
102726 AMNH Symphalangus syndactylus Male Sumatra: Moeara Doewa 
102725 AMNH Symphalangus syndactylus Male Sumatra: Moeara Doewa 
102720 AMNH Symphalangus syndactylus Male Sumatra, Palembang, Macarah Doewa 
102187 AMNH Symphalangus syndactylus Male Sumatra: Boekit Doeloe 
19.11.12.1 NHM Symphalangus syndactylus Male Seolat, Darus, horinchi, Sumatra 
81.3.15.1 NHM Symphalangus syndactylus Male Laupong, S. Sumatra 
1220 NCBN Symphalangus syndactylus Male Pangkalanbrandan, Sumatra, Indonesia 
4615 NCBN Symphalangus syndactylus Male Padangse Bovenlanden, Pangkalan Sumatra 
4617 NCBN Symphalangus syndactylus Male Palembang, Sumatera Selatan, Indonesia 
4618 NCBN Symphalangus syndactylus Male Sumatra, Indonesia 
4620 NCBN Symphalangus syndactylus Male Sumatra, Boekit Nantiga, Goenoeng, Sago 
5788 NCBN Symphalangus syndactylus Male Tandjong, Morawa, Deli Sumatra 
5789 NCBN Symphalangus syndactylus Male Asahan, N. Sumatra 




42168 NCBN Symphalangus syndactylus Male Sumatra, Indonesia 
283563 NMNH Symphalangus syndactylus Male Indonesia: Sumatra 
1867.4.12.5 NHM Symphalangus syndactylus Unknown NA 
42164 NCBN Symphalangus syndactylus Unknown Sumatra, Indonesia 
42174 NCBN Symphalangus syndactylus Unknown Sumatra, Indonesia, 1878 
42181 NCBN Symphalangus syndactylus Unknown NA 
201554 NMNH Hylobates pileatus Male Thailand: Klong Menao 
201555 NMNH Hylobates pileatus Male Thailand: Lem Ngop 
201556 NMNH Hylobates pileatus Female Thailand: Klong Menao 
241018 NMNH Hylobates pileatus Male Thailand Nong Khor, Near 
241019 NMNH Hylobates pileatus Female Thailand Nong Khor, Near 
321549 NMNH Hylobates pileatus Male Cambodia: Plateau Kiri Rom 
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